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PREFACE 


As the treatment of cancer continues to evolve, clinicians are constantly seeking new 
and innovative strategies to expand the use of currently available treatment modalities. 
Among the different strategies to improve therapy, the combining of chemotherapeutic 
drugs with radiation has perhaps had the strongest impact on current solid tumor treat- 
ment practice. This combination has been in use for many decades, but now has become 
acommon treatment option in many clinical settings. This is particularly true for concur- 
rent chemoradiotherapy, which in many recent clinical trials has been shown to be supe- 
rior to radiotherapy alone in controlling local—regional disease and in improving patient 
survival. Combining chemotherapeutic drugs with radiotherapy has a strong biologic 
rationale. Such agents reduce the number of cells in tumors undergoing radiotherapy by 
their independent cytotoxic action and by rendering tumor cells more susceptible to 
killing by ionizing radiation. An additional benefit of combined treatment is that chemo- 
therapeutic drugs, by virtue of their systemic activity, may also act on metastatic disease. 
Most drugs have been chosen for combination with radiotherapy based on their known 
clinical activity in particular disease sites. Alternatively, agents that are effective in 
overcoming resistance mechanisms associated with radiotherapy could be chosen. There 
have been recent clinical successes of concurrent chemoradiotherapy using traditional 
drugs, such as cisplatin and 5-FU, but these studies have led to extensive research on 
exploring newer chemotherapeutic agents for their interactions with radiation. A number 
of new potent chemotherapeutic agents, including taxanes, nucleoside analogs, and 
topoisomerase inhibitors, have entered clinical trial or practice. Preclinical testing has 
shown that they are potent enhancers of radiation response and thus might further 
improve the therapeutic outcome of chemoradiotherapy. Also, there are rapidly emerg- 
ing molecular targeting strategies aimed at improving the efficacy of chemoradiotherapy. 
All these important aspects of combined modality therapy in solid tumors are discussed 
in this book, particularly for tumors that historically have had a poor prognosis and few 
treatment options. 

Curry and Curran review the literature on the combined modality treatment of patients 
with malignant glioma, focusing on the data from prospective randomized trials, and 
discuss future directions in research to improve outcome for patients affected by this 
disease. It is clear that any one systemic agent or multiagent regimen will not have 
substantial effects on altering the natural history of malignant glioma. A significant 
improvement in survival will be realized only when improvements in local—regional 
control are combined with progress in the systemic management of the disease. Specific 
opportunities to improve surgical and radiotherapy approaches to this disease need to be 
explored concurrently with development of novel agents targeted to modify the biologic 
response of these tumors to chemotherapy and radiation. However, novel approaches 
when combining standard cytotoxic chemotherapy agents with new cytotoxic and cyto- 
static agents and improved radiotherapy techniques are promising in promoting 
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decreased radioresistance, toxicities, and possibly increased overall survival of head and 
neck cancer. Outside of an academic setting, cisplatin and 5-FU still remain the standard 
of treatment. Though more aggressive, as mentioned in Drs. Eng and Vokes’ chapter, 
these drugs have overall demonstrated improved response rates in locally advanced and 
recurrent disease. Newer agents will continue to be discovered and provide a basis for 
further consideration in the treatment of head and neck cancer. 

It is apparent that significant progress has been made in improving the outcome of 
treatment for stage III nonsmall-cell lung cancer, even though there is still a long way to 
go before victory can be declared. It is clear that radiation alone and surgery alone are 
inadequate for most stage III disease. Preoperative radiation therapy alone is of limited 
benefit. Postoperative radiation is controversial, but there may be a limited role in resected 
N2 patients. For selected stage III cases (N2), there may be a role for surgery after 
chemoradiation, but this conclusion awaits the outcome of a major phase III study. For 
inoperable stage HI disease, combined modality now appears to be the new standard of 
care. Concurrent chemoradiation seems to be superior to sequential chemoradiation, but 
combined sequential followed by concurrent chemoradiation remains under investiga- 
tion as does consolidative chemotherapy after concurrent chemoradiation. The best re- 
sults combining chemotherapy with radiation therapy were also seen in limited-stage 
small-cell lung cancer. At this time, standard treatment for patients with limited-stage 
small-cell lung cancer is early concurrent twice-daily radiation therapy of 1.8 Gy frac- 
tions for a total dose of 45 Gy and platinum-based chemotherapy. 

As discussed by Brahmer et al., newer chemotherapy regimens emerge for the 
treatment of small-cell lung cancer, and these regimens are currently undergoing evalu- 
ation for combining chemo- and radiation therapy. As far as esophageal cancer goes, 
results from surgery alone or primary chemoradiation are equivalent, and both can be 
offered as options for patients with locally advanced esophageal cancer. The optimal 
treatment may be based on individual patient selection criteria such as the ability to 
undergo major surgery, histology, and the location of the tumor. The fact that local 
recurrence is high despite primary chemoradiation, provides a rationale for tri-modality 
therapy that includes surgery following preoperative chemoradiation. 

The major advance in the treatment of local—regional gastric carcinoma had been 
the new standard of adjuvant chemoradiotherapy following a curative resection. 
Laparoscopy is more or less established as a staging procedure prior to surgery. Staging 
with endoscopic ultrasonography has improved. New strategies will include the use of 
preoperative approaches and incorporation of new agents. Similar to the carcinoma of the 
esophagus, the use of molecular markers to predict response and survival is needed. 
Investigative efforts are underway to further improve the results of multimodality therapy 
of colorectal carcinoma. In addition to phase III trials discussed in Chapter 14, other 
studies are incorporating novel chemotherapeutic agents to improve systemic control and 
radiosensitization, to optimize physical delivery of radiation, and to perform risk strati- 
fication with current molecular and genetic techniques. Chronomodulation may have a 
role in combined modality therapy for colorectal cancer by affecting higher response 
rates and less stomatitis and neuropathy in metastatic colorectal carcinoma and may 
become a viable option for treatment of primary disease. 
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The inferior results with radiotherapy alone compared to cystectomy in patients with 
muscle-invasive disease have prompted a large number of trials adding systemic chemo- 
therapy to radiotherapy in an attempt to increase local control and eliminate 
micrometastatic disease frequently present at the time of diagnosis of muscle-invasive 
disease. 

As discussed by Dr. Roth, it is not easy to directly compare surgical series with trials 
of bladder-sparing approaches. A number of confounding factors can potentially compli- 
cate the interpretation of trials of chemoradiotherapy, including the effect of the TURBT 
on the natural history of this disease, the errors of clinical staging both before and after 
chemotherapy/radiotherapy, and the endpoints utilized to determine efficacy. Nonethe- 
less, his approach can certainly be offered to patients who are not surgical candidates 
because of medical co-morbidities, or the occasional patient who refuses surgical inter- 
vention. Recent studies in a variety of gynecologic malignancies have convincingly 
demonstrated that concurrent chemotherapy can significantly improve the outcome of 
some patients who require radiation therapy for treatment of their disease. Despite the 
fact that controversies persist about the indications for chemoradiation and ideal drug 
regimens, the fundamental value in patients with loco—regionally advanced cervical 
cancer has been established. 

The chapter by Dr. Eifel reviews trials of chemoradiation in cervical cancer, including 
the recent trials that established the value of this approach, and discusses several ques- 
tions that remain to be resolved regarding this treatment, including the ideal dose and 
schedule and the effect of chemoradiation on compliance and complications. 

One of the most exciting areas of combined modality therapy is the specific 
molecular targeted therapy in combination with radiation. Over the past decade there has 
been a quantum increase in the understanding of molecular mechanisms that underlie the 
process of tumor development, proliferation, invasion, and metastasis. 

This has led to a growing awareness of mechanisms by which tumors and normal tissue 
are able to overcome damage from radiation injury. This knowledge has resulted in a vast 
amount of preclinical study of ways that these molecular abnormalities may be specifi- 
cally targeted to result in clinical benefit, not only by potentially impacting on systemic 
disease, but by enhancing radiosensitivity. The last part of this book describes some of 
these agents and pathways. 

Although we have made significant progress in our understanding of the role of com- 
bined modality therapy, much remains to be accomplished. Current and future research 
may provide exciting opportunities to improve response and survival for patients with 
tumors previously associated with a dismal prognosis. 
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1. INTRODUCTION 


The medical uses of ionizing radiation have expanded dramatically since Wilhelm 
Roentgen first discovered it at the end of the last century. In particular, it has proven 
to be an effective agent in the ongoing battle against cancer. It is presumed that the 
essential target for radiation is cellular DNA where it acts through the formation of free 
radicals to directly or indirectly cause double-stranded breaks. It is these double- 
stranded breaks in the DNA that are felt to be the lethal lesion that malignant cells 
sustain from therapeutic radiation. 

It was in the period of World War II that it was possible to induce lasting remissions 
and potential cures of hematological malignancies with nitrogen mustard (/), which was 
really the first chemotherapeutic agent put to widespread use in the treatment of malig- 
nant disease. Since that time, a multitude of other drugs have come and gone in the search 
for a cure. A few drugs appear to have found a more lasting place in the therapeutic 
armamentarium, including doxorubicin, cisplatinum, cyclophosphamide, and 5-fluorou- 
racil. A new generation of drugs with varied mechanisms of action has appeared in 
the last decade and also has the potential to remain as key in the treatment of cancers. 
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These agents include paclitaxel, docetaxel, gemcitabine, irinotecan, and vinorelbine. 
Although oncologists and researchers have often tried to cure cancers with radiation 
alone or with various chemotherapeutic strategies, in general these have been met with 
limited success for any number of reasons, which will be outlined below. The strategy of 
integrating different treatment modalities into a more comprehensive approach to both 
local control and the treatment of micrometastatic disease, often referred to as combined 
modality therapy, has been met with some success. Although the delivery of neoadjuvant 
and adjuvant chemotherapy may contribute to improved local control, it is less clearly 
demonstrable than with concurrent therapy. This chapter will focus on combined modal- 
ity therapy with an emphasis on concurrent chemoradiation. It will attempt to set the 
background with an examination of the rationale and the difficulties that are inherent with 
concurrent therapy from the point of view of both the delivery of radiation and of che- 
motherapy. Beyond this it will illustrate some of the gains achieved in therapy using a 
concurrent treatment approach. Finally it will focus on the potential for the future that lies 
in an increased understanding of the molecular players in neoplastic processes as well as 
the response of malignant cells to therapy with radiation and chemotherapy. The integra- 
tion of new agents that are aimed against more specific cellular targets than either 
radiation or traditional cytotoxic chemotherapy may significantly influence the success 
of combined modality therapy in the future. 


2. TREATMENT PARADIGMS 


Surgical therapy as a sole modality often fails because micrometastatic disease is 
already present at the time of surgery or because malignant cells are present beyond the 
surgical margins of the resection. Radiation therapy is sometimes added before or after 
surgical resection to decrease the possibility of local recurrence when it is felt that there 
is a high enough probability of residual malignant cells being present after surgery. 
However, radiation therapy as both a sole modality of treatment or as an adjuvant or 
adjunctive therapy may fail to sterilize tumors because of micrometastases or because the 
dose of radiation that can be safely delivered is limited by the tolerance of the surrounding 
normal tissues. Certainly the explosion of new technology in the current computer age 
has improved our ability to deliver further radiation in a more conformal fashion. How- 
ever, in those malignancies that have a high propensity for distant spread of disease, 
delivery of higher doses of conformal radiation may not prove to bea satisfactory approach 
to the problem. Unfortunately chemotherapy rarely proves to have a curative role on its 
own in the treatment of solid tumors. 


3. BIOLOGY COMPLICATES THE DELIVERY OF RADIATION 


The delivery of therapeutic radiation is limited by the tolerance of the surrounding 
normal tissues. Data have been compiled over many years that suggest which structures 
are able to tolerate certain doses with acceptable amounts of toxicity (2). This model for 
thinking about how to plan the delivery of radiation has changed considerably with the 
advent of new computer- and automation-driven technologies that allow for the more 
conformal delivery of dose to the gross tumor and to the clinical target volume. New 
analytical tools called dose volume histograms, which allow for a definition of the dose 
delivered to a percentage of an organ, have begun to replace more traditional concepts of 
normal tissue tolerance (see Fig. 1). Although these technology-related advances allow 
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Fig. 1. This example of a cumulative dose volume histogram (DVH) exemplifies the manner in 
which three dimensional treatment planning allows the radiation oncologist to ensure that the 
tumor receives the planned dose while limiting the dose of radiation received by the normal 
structures. In this example 100% of the gross tumor volume (GTV) receives 70 Gy whereas the 
dose received by any length of the spinal cord is less than 45 Gy. 


for the delivery of higher doses of radiation, this may only be an effective strategy in those 
tumors whose biology makes them amenable to a local therapy as the sole modality of 
treatment. Those tumors that have a predilection for the early dissemination of 
micrometastases cannot be effectively treated by a local therapy alone. However, those 
tumors that tend to remain localized for longer periods of time may have several biologic 
reasons that underlie their resistance to radiation. 


3.1. Accelerated Repopulation 


This is a hypothetical mechanism to explain the decrease in local control that is seen 
in some types of malignancy when the overall radiation treatment time becomes pro- 
longed (3). Actual tumor growth occurs at a rate that is significantly slower than the 
potential doubling time of the tumor cells, and this is related to what is called the cell 
loss factor (®). The cell loss factor in most human squamous cell cancers is felt to be 
in the range of 0.9, which is to say that cell production rates are approx 10 times faster 
than tumor growth rates (4). It is felt that the acceleration of repopulation that occurs 
in squamous cell cancers during therapy leads to an effective tumor cell production rate 
approaching the potential tumor-doubling rate and that this occurs because of a de- 
crease in the cell loss factor. This is supported by work from both Fowler and Dorr 
suggesting that this repopulation cannot be accounted for by a simple increase in the 
rate of the proliferation of surviving tumor cells alone but rather it requires a profound 
decrease in the cell loss factor as well (5,6). Although some have hypothesized that 
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increased tumor oxygenation seen during therapy is related to the increase in cellular 
repopulation that occurs, it may in fact be related to cellular density changes. Investi- 
gators who have looked at the squamous epithelium of the skin as a model for 
repopulation have seen that as the cellular density changes there are profound modifi- 
cations in the expression of connexin 43, the major component of gap junctions, that 
in turn regulates cell-to-cell communication (7). 

Radiation treatment schemes that accelerate the dose delivery, i.e., attempt to deliver 
it in a shorter overall time, endeavor to compensate for any accelerated repopulation of 
the tumor that may be occurring. These schemes are often accompanied by increased 
morbidity. Ultimately a better understanding of the molecular and cellular events involved 
may give rise to measures that will allow us to compensate for accelerated repopulation 
in tumors or to induce repopulation in normal tissues earlier in a course of therapy in order 
to minimize treatment related morbidity. 


3.2. Repair of Radiation-Induced DNA Damage 


Traditional radiation survival curves from single dose experiments exhibit a shoul- 
der that is thought to be indicative of the innate capacity of cells to repair radiation 
damage (8). If the dose is fractionated into multiple treatments with sufficient time 
between treatments, all repairable damage may be corrected leading to an increase in 
the surviving fraction of malignant cells. There is, however, a probable limit to the 
effective reduction of the slope of the survival curve that is felt to represent unrepairable 
damage caused by radiation. This difference in the slopes of the radiation survival 
curve between a single dose experiment and fractionated radiation is felt to represent 
sublethal damage repair (SLDR) (9). 

Normal tissues are usually divided into early and late responding according to their 
responses to radiation. It is well known that late responding tissues, like the spinal cord, 
are better able to repair damage caused by radiation than malignant cells with conven- 
tional fractionation schemes using daily doses of 180-200 cGy compared with larger 
fraction sizes (10) and as such these fraction sizes are used to exploit this difference in 
the repair capacity for a therapeutic gain. The major rationale for the use of hyper- 
fractionated radiotherapy wherein more than one fraction is delivered each day but the 
total treatment time remains the same as with conventional treatment, is to exploit this 
difference in repair capacity between tumors and normal tissues. Normally an increase 
of 20-30% in the total dose is needed to account for repair at the lower dose per fraction 
administered in a hyperfractionated scheme (11). However, hyperfractionated radiation 
treatment schemes normally must reach a fine balance between the risk of allowing for 
accelerated repopulation and causing undo acute morbidity. 

Another treatment strategy to deal with the interrelated phenomena of accelerated 
repopulation and repair has been to both accelerate and hyperfractionate therapy. Limiting 
acute morbidity most often complicates this strategy and in many cases the overall tumor 
control and late morbidity remain undefined. A more sophisticated understanding of repair 
mechanisms ata molecular level and their relation to treatment times may allow for increased 
clarity in understanding the utility of altered fractionation schemes to treat cancer. 


3.3. Tumor Hypoxia 


The equally intriguing phenomenon of tumor hypoxia has been documented to occur 
in a number of tumor types including cancers of the uterine cervix (12,13), head and 
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neck (14,15), bladder (/6) as well as in soft tissue sarcomas (17). This is the result of 
inadequate blood supply to tissues that leads to the compromise of biological function 
and in the case of cancers this is usually related to abnormal or inadequate blood 
vessels, anemia, or the formation of methemoglobin or carboxyhemoglobin that will 
reduce the oxygen carrying capacity of the blood in smokers. There have been several 
observations collected over the last few decades that suggest that tumor hypoxia plays 
a key role in outcome. These observations are as follows: tumors often have lower 
median partial pressures of oxygen than their tissues of origin (18); the presence of 
tumor hypoxia cannot necessarily be reliably predicted by factors like stage, size, 
histology, or grade; tumor-to-tumor oxygen variability is often greater than intratumor 
oxygenation differences (/9), and recurrent tumors often are more poorly oxygenated 
than their corresponding primary tumor (20). 

While the controversy about the exact role that anemia plays in determining outcome 
from radiation therapy is age old, i.e., big tumors bleed more and are more likely to spread 
vs tumors in anemic patients tend to be more hypoxic and hence more resistant to therapy, 
evidence is accumulating to suggest that reality is firmly rooted between both views. 
Radiosensitivity is known to be significantly limited when the partial pressure of oxygen 
is less than 25-30 mmHg (21). It has been known for years that molecular oxygen will 
increase radiation-induced DNA damage through the formation of oxygen free radicals 
that act to inflict “indirect” damage beyond the “direct” effects of radiation on DNA (22). 
There is also substantial evidence obtained over the last few years that tumor hypoxia 
induces genomic changes with subsequent upregulation of genes that are linked to radia- 
tion resistance (23). Equally compelling are the experiments that have revealed that 
presence of tumor hypoxia is linked to an increased incidence of metastatic disease (24). 
The microenvironmental signals in a hypoxic tumor environment are such that there is 
greater genomic instability and selection pressure to maintain those cells with increased 
angiogenic potential and decreased apoptotic potential. Improved understanding of this 
interesting phenomenon will ultimately lead to improved potential for therapeutic target- 
ing of tumors. 


4. BIOLOGY ALSO COMPLICATES 
THE DELIVERY OF CHEMOTHERAPY 


The limitations of systemic chemotherapy are equally important to recognize prior to 
examining its integration with radiation. Although chemotherapy has earned a spot in the 
armamentarium against solid tumors, it is not often curative. Its use in the palliative 
setting is to reduce symptoms while decreasing the tumor burden and, though often 
effective, it is limited by its side effects as well as the emergence of resistance to the 
therapeutic effects of the drugs. 

There are multiple factors that are felt to be relevant to a discussion of the emergence 
of resistance to chemotherapy. This list includes the current proliferative state of tumor 
cells, aspects of the tumor environment including vascular supply and volume of dis- 
tribution of individual drugs, and the intrinsic sensitivity of tumor cells to various 
cytotoxic drugs. Common strategies to combat these problems include the combination 
of drugs with nonoverlapping toxicities (25) and differing mechanisms of action and 
possibly the rapid alteration of drugs to prevent the emergence of resistant cell popu- 
lations as suggested by Coldman and Goldie (26). A fundamental understanding at the 
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Table 1 
Mechanisms Associated with Chemotherapy Related Resistance 

Mechanism Drugs 
Decreased uptake Methotrexate, melphalan, nitrogen mustards, cisplatin 
Increased drug efflux Taxanes, etoposide, anthracyclines 
Decreased activation Antimetabolites 
Increased catabolism Antimetabolites 
Enzyme induction Topoisomerase inhibitors, methotrexate 

and/or alteration 
Drug deactivation Alkylators, cisplatin, anthracyclines 

by intracellular thiol compounds 
Increased DNA repair Alkylators, cisplatin, anthracyclines 
Decreased apoptotic rate Alkylators, cisplatin, anthracyclines 


Adapted from Tannock IF, Hill RP, eds. The Basic Science of Oncology. Third edition. Montreal: McGraw- 
Hill; 1998. Tannock and Hill. Chapter 17 


molecular level of the mechanisms through which cells acquire resistance to chemo- 
therapy is important in order to develop strategies to potentially circumvent this resis- 
tance. It is equally important to note that this resistance can function at multiple levels 
within a cell. Table 1 illustrates some of the basic mechanisms of resistance to the 
cytotoxic effects of chemotherapy. 


5. PRINCIPLES GUIDING 
THE INTEGRATION OF CHEMORADIATION 


Although the delivery of radiation and chemotherapy as sole modalities is definitely 
more complex than outlined above, there needs to be guiding principles that will allow 
for their successful integration in combined modality therapy. Peckham and Steele intro- 
duced several key concepts that govern the interactions of both radiation and chemo- 
therapy when they are administered together in an attempt to improve the therapeutic 
effect of their separate administrations (27). 

Spatial cooperation is a term coined to describe a situation when disease in one 
particular anatomic site is missed by one modality but is treated adequately by another. 
The essence of this is that radiation is a local therapy that will not impact on metastatic 
disease beyond the planned field borders. Systemic cytotoxic chemotherapy is tradition- 
ally used to address the potential distant spread of cancer. In the original description of 
this mechanism there is no assumption of an interaction between the drugs and radiation 
with the idea being that the “best radiation” and “best chemotherapy” be administered 
independently of toxicities. The classic example used in several textbooks to illustrate 
this is the treatment of childhood leukemia with systemic chemotherapy, while their 
central nervous system, a potential sanctuary site where disease is not treated adequately 
by chemotherapy, is treated by radiation (28). The reality of the interaction between 
radiation and chemotherapy is that the dose and timing of radiation are adjusted accord- 
ingly to minimize their impact on the neural tissues. 

Toxicity independence definitely emerges as a real concern in the planning of com- 
bined modality therapy. As originally outlined, if two partially effective agents can be 
combined without having to alter their levels substantially, an improved therapeutic 
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Table 2 

Nature of Radiation Enhancement 
Enhancement Example 
Synergism 2+1=4 
Additive 2+1=3 
Subadditive 2+1=2.5 
Interference 2+1=1.5 
Antagonism 2+1=0.5 


Adapted from Phillips TL. Chemical 
modification of radiation effects. Cancer 
1977; Feb;39(2 Suppl):987-998. 


result can be anticipated. Certainly this principle has been used widely in the justification 
of combination chemotherapies, however, when combining cytotoxic agents with radia- 
tion, one needs to choose agents that do not significantly enhance radiation-induced 
normal tissue damage. Examples of this principle are seen with the concurrent use of 
adriamycin and radiation in breast cancer (29) and actinomycin D and radiation in pedi- 
atric malignancies like Wilms’ tumor (30). 

Protection of normal tissues is also a possible result of the interaction of radiation and 
systemic therapy. Peckham and Steele outlined this as “the combination of a chemothera- 
peutic agent with radiation allowing a greater dose of radiation to be given than would 
be tolerated otherwise” (27). Although this area of combined therapy is relatively young, 
there are emerging examples of possible agents that may be administered concurrently 
with radiation to improve the tolerability of therapy, including amifostine (3/), granulo- 
cyte colony stimulation factor (32), and keratinocyte growth factor (33). 

Enhancement of tumor response is of course the main topic of this chapter and this book. 
Enhancement is often used as a term to imply an increase in response and in the general sense 
is defined by a situation in which the administration of one agent increases the effectiveness 
of another or when the effect of the combination is greater than expected (27). Interaction of 
different agents makes it difficult to characterize the exact nature of their interrelations espe- 
cially in the in vivo situation. Table 2 points out the complexity involved in how exactly 
chemotherapies act to enhance the effects of ionizing radiation (34). Beyond what the figure 
suggests is the fact that chemotherapies may be able to shrink disease such that smaller 
radiation fields and, consequently, higher radiation doses, may be used to treat tumors. 


6. “IDEAL RADIOSENSITIZER” 


Keeping the above principles in mind, Herscher et al. gives an excellent overview of 
the characteristics of an idealized radiation modifier (35). In the case of the radiation 
protector more dose can be delivered to the tumor and in the case of a sensitizer more 
“effective” dose can be delivered. In theory the ideal radiation enhancer will have selec- 
tive systemic activity against malignant but not against nonmalignant cells, will reach the 
tumor in adequate concentrations to affect radiation, and will have been studied such that 
the ideal timing with relation to radiation treatment delivery will be defined. Such a 
compound will increase the effects of radiation in one of several ways (see Fig. 2): 


1. Increased initial damage: Agents that act to increase the initial DNA damage caused by 
ionizing radiation would be expected to augment the cytotoxicity caused by radiation 
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Fig. 2. Traditional ways of thinking about radiosensitization. 


especially if they are able to saturate the repair systems. Good examples of agents that 
are felt to work in this manner include the halogenated pyrimidines (36,37). 

2. Repair inhibition: Agents that are able to impact the ability of a cell to repair DNA 
damage sustained from ionizing radiation are able to increase cytotoxicity. This is seen 
through a broadening of the shoulder in the traditional radiation survival curves. 
In practical terms there often remains a concern about the selectivity of cytotoxic agents 
for malignant tissues and the potential to increase normal tissue toxicity in this setting. 
Classical examples of drugs that are felt to act in this manner include cisplatin and the new 
oral platinum analogs (38,39). 

3. Redistribution: There are results of classical experiments that show that cells respond 
differently to radiation depending on which part of the cell cycle they are in when 
radiation is delivered. For human cancer cells the GM boundary appears to be the 
position in the cell cycle associated with the greatest sensitivity. It is likely that a drug 
thatis able to block cell cycle progression in aradiosensitive phase will be associated with 
significant radiosensitization. The taxanes are an example of such a compound (40). 


Of course other methods of radiation enhancement may take place with reoxygenation 
of hypoxic tumor cells that may be increased with the use of chemotherapies like paclitaxel 
or gemcitabine (41,42), improved drug access to the tumor cells after radiotherapy, or a 
lowering of the threshold for radiation-induced apoptosis as has been described with the 
use of gemcitabine (43). 


7. PRECLINICAL STUDIES 


Before novel treatment strategies are attempted in the field of chemoradiation, there 
needs to be adequate preclinical data that establish whether the addition of drug X to 
radiation is likely to be of clinical benefit. Basic knowledge that needs to be sorted out 
in a laboratory setting includes: Is there a synergistic effect between the drug and radia- 
tion, is the timing between the drug administration and radiation important in achieving 
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synergism, does this effect seen in an in vitro system translate into an animal model, and 
is this interaction likely to be clinically relevant such that human trials are warranted? 

Terms like synergism and enhancement are often seen in the literature. It is important 
to remember arelevant definition of their true meaning in the setting of combined modality 
therapy. In general, enhancement is felt to describe any increase in effect greater than that 
observed with either radiation or chemotherapy alone, either on the tumor or the normal 
tissues (44). Synergism, or supraadditivity as it is sometimes more clearly referred to, 
represents a subset of those enhancing interactions describing those situations when the 
combined response exceeds the range of additive responses even when corrected for the 
nonlinearity of survival curves (44). Table 2, adapted from Phillips, provides a math- 
ematical illustration of important relevant terminology. 


7.1. The Isobologram 


Although it is difficult to determine the exact nature of the chemoradiation interaction 
in animal and human systems unless biopsy and determination of surviving fractions is 
feasible, itis more straightforward to examine in an in vitro model. Dose-response curves 
are, in general, nonlinear. However, consideration of the calculation of supraadditivity, 
additivity, and subadditivity are more easily understood if a linear relationship is assumed 
for log survival. In this case when the dose of drug A vs dose of drug B is plotted for a 
given level of survival, it will produce a straight line. The line itself will represent true 
additivity. The region above the line will represent subadditivity and below the line 
supraadditivity (27). 

When dose-response curves are nonlinear as is usually the case, the process becomes 
more complex and an envelope of additivity is calculated to define the area in which the 
interaction of the two agents could be additive depending on how the two agents interact. 
The method described by Peckham and Steele (27) is explained as follows with the 
assumption that the dose response does not vary that much beyond a linear response. 
In their analysis, drugs A and D were assumed to yield linear responses and B and C 
yielded nonlinear responses. 

In a mode I calculation which assumes that the agent response to agent A and B starts 
at zero cell kill, doses of agent A and agent B are chosen to give a total cell kill to level 
S (a selected level of cell kill for each analysis). The isoeffect curves that this analysis 
yields will bulge upward when one of the agents has a shoulder-type survival curve and 
downward when one survival curve bends upward. Mode II analysis uses the assumption 
that the incremental dose to yield the desired fractional survival is taken from the part of 
the curve that gives the greatest difference from mode I. In the case of the survival curve 
with a shoulder (curve B) it is taken from the steepest part, and in the case of the survival 
curve (curve C) that bends upward it is taken from the shallowest part. Calculation in 
these two modes will define the envelope of additivity, which accounts for the range of 
interaction between agents from no effect to the first dose of the second agent acting like 
a second dose of the other treatment (44). See Fig. 3 adapted from Peckham and Steele. 


8. IMPROVED THERAPEUTIC RATIO 


Although the focus of this entire book is on chemoradiation, there are several notable 
areas where the use of concurrent chemoradiation has managed to change patterns of 
practice and had significant impact on treatment outcomes and overall quality of life. 
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Fig. 3. The way in which an envelope of additivity may be calculated for two pairs of cytotoxic 
agents (A + B and C + D) where one of each pair gives a non-linear dose-response curve 
(isobologram analysis from Peckham and Steele ref. 27). 


The concept of the therapeutic ratio is key here as it implies that the effect of the com- 
bination therapy is greater in the tumor than in the relevant normal tissues within the 
treated radiation volume. The therapeutic ratio is often described in a mathematical 
formulation as the ratio of dose enhancement factors in the tumor divided by that in the 
normal tissues. The following are clear examples of clinical situations where the use of 
concurrent therapy has been found to be associated with an improvement in the therapeu- 
tic ratio. 


8.1. Carcinoma of the Anal Canal 


In this instance the early experience of Nigro et al. (45) suggested that there may not 
be a need to perform surgery as part of the initial therapy of this cancer and that it could 
be kept in reserve for local recurrence. Three patients treated with preoperative radiation, 
5-fluorouracil, and mitomycin C were found to have complete pathologic responses at the 
time of their surgery. This work has been expanded upon by Cummings et al. (46) in their 
series of patients who were treated by various concurrent regimens over time and by 
several large intergroup studies (47—49) that have demonstrated the value of concurrent 
chemoradiation in this disease (see Table 3). The current standard practice for this disease 
in North America involves the use of concurrent chemoradiation. 


8.2. Carcinoma of the Cervix 


The National Cancer Institute in the United States issued a clinical alert when it 
became apparent that the addition of cisplatin-containing chemotherapy delivered with 


Biological Principles and Perspectives 13 





Table 3 


Randomized Trials of Concurrent Chemoradiation in Carcinoma of the Anus 


Overall survival 











Number Local control 3/5 yr 

Trial of patients Therapy (%) (%) 

UKCCCR 585 Radiation alone 39 58/— 
vs radiation with 5FU 61 65- 
and MMC p = 0.0001 

EORTC 110 Radiation alone 39 65- 
vs radiation with 5FU 58 72/- 
and MMC p = 0.02 

RTOG/ECOG 310 Radiation with 5FU 59 65 
vs radiation with 5FU 71 67 
and MMC p=0.014" 


“Four-year colostomy free survival, MMC = Mitomycin C; 5FU = 5-fluorouracil. 


Table 4 
Randomized Trials Illustrating the Benefit of Cisplatin-Based Concurrent Chemoradiation 
in Carcinoma of the Uterine Cervix 


Relative risk 
Number Local control of death 
Trial Eligibility Therapy of patients (%) (%) 


RTOG 90-10  IB-IVA RT(EF) 193 738° 
RT + C+ 5FU 193 91° 0.48 
SWOG 87-97 IB-IIA RT 116 65 
RT +C + 5FU 127 81 0.50 
GOG 123 IB2 RT + TAH 183 76 
RT +C + TAH 186 89 0.51 
GOG 120 IIB-IVA RT + HU 177 
RT+C 176 0.57 
RT + C + HU + 5FU 173 0.55 
GOG 85 IIB-IVA RT + HU 191 70 
RT + 5FU +C 177 75 0.79 


RT =radiation, EF =extended fields, C = cisplatin, SFU = 5 fluorouracil, TAH = extrafascial hysterectomy, 
HU = hydroxyurea. 
“From local failure as site of first progression data. 


concurrent radiation was found to increase the survival of patients with squamous cell 
carcinoma of the cervix. Table 4 shows the results of five randomized trials (50—54) that 
have now been published that lead to the clinical alert. The best schedule of delivery of 
cisplatin or any other chemotherapy has yet to be determined. 


8.3. Small-Cell Lung Carcinoma 


While the natural history of this malignancy involves early seeding of distant 
metastases, those patients who have localized or limited-stage small-cell carcinoma of 
the lung have potentially curable tumors where combined chemoradiation is important. 
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Meta-analyses that examined the value of thoracic radiation in the limited stage of this 
disease performed by both Pignon (55) and Warde (56) showed improvement in 2-3 yr 
survivals of 5%. Warde’s analysis showed that thoracic radiation improved local control 
by 25%. A relatively recently published randomized trial has examined the benefit of 
delivering hyperfractionated radiation with the first cycle of chemotherapy and found 
that the 2- and 5-yr survivals with the hyperfractionated regimen were 47% and 26%, 
while they were only 41% and 16% with the once daily regimen (57). On further analysis 
it was found that not only was the local control improved in the group that received 
hyperfractionated radiation but they also had decreased incidence of simultaneous local 
and distant failure, suggesting that improved local control may lead to improved survival 
even in this malignancy that tends to disseminate systemically. The principle of spatial 
cooperation enters the treatment realm again in this disease wherein the value of prophy- 
lactic cranial radiation is associated with a decrease in the incidence of brain metastases. 
This decreased incidence of brain metastases is associated with an increased survival in 
patients with limited-stage disease who have had a complete response to therapy (58,59). 
As such, prophylactic cranial radiation forms a part of standard practice in many areas 
of the world in this patient population. 


8.4. Wilms’ Tumor 


This pediatric cancer stands as an example of how cooperative group studies (NWTS 
and SIOP) have been able to integrate both chemotherapy and radiation into standard 
therapy while minimizing side-effects and dramatically improving cure rates as seen 
in the improvement of the 5-yr relative survival rates from 74% in 1974-1976 to 93% 
in 1989-1996 (60). The fifth NWTS trial began in 1995 and is expected to continue 
until 2003 (see Table 5) (60). This study will search for biological prognostic factors 
and examine the rates of cancer and birth defects in children born to survivors of 
Wilms’ tumor. 


9. WHAT IS HAPPENING AT THE MOLECULAR LEVEL? 


The challenge for the future is to begin to better integrate the information that is 
rapidly accumulating from the revolution in the field in molecular biology to the 
chemoradiation armamentarium. Currently the accumulating data ina variety of research 
areas in oncology needs to become incorporated into the clinic, where no doubt it will 
make important contributions to disease outcome and patient care. Several examples 
of this are as follows. 


9.1. Apoptosis 


Programmed cell death is the definition of apoptosis, and there is increasing evidence 
that this is an important process in the determination of the radiation response to therapy 
(61). The impact of this process on treatment needs to be accounted for in terms of both 
cancer cells and normal tissues like the salivary gland cells of the parotid that are often 
irreversibly damaged with treatment. Issues including the effects of the heterogeneity of 
tumors to undergo apoptosis and how fractionation schemes impact the apoptotic rate 
may be important. Of course, if apoptosis-prone tumor cells are more sensitive to radia- 
tion than those cells in which the apoptotic pathways are inhibited, then it may make sense 
to manipulate the gene expression of Bcl-2 or p53 (61). 
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Table 5 
Guidelines for Therapy of Wilms’ Tumor from NWTS-V 
Stage Other factors Therapy Additional comments 
I FH, <2 yr old, Nephrectomy only Followed q 3 mo with CXR 
tumor <550 g and abdominal ultrasound 
FH, >2 yr old Pulse intensive VCR + ACD No radiotherapy 
or tumor >550 g (for 18 wk) 
Any anaplasia 
II FH 
IM/IV FH VCR + ACD + DOX Radiotherapy according 
(for 24 wk) 10.8 Gy to abdominal stage +/- 


whole lung radiation 
II-IV Focal anaplasia 
I-IV CCSK ACD + VCR + DOX + CYC Radiotherapy for all 
+ ET (for 24 wk) 10.8 Gy 
II-IV Diffuse anaplasia 
I-IV Rhabdoid Cb + ET + CYC Radiotherapy for all 
(for 24 wk) 10.8 Gy 


Cb = carboplatin, ET = etoposide, CYC = cyclophosphamide, DOX = doxorubicin, VCR = vincristine, 
ACD = actinomycin D. 


9.2. Mechanisms of DNA Repair 


Eukaryotic systems have four separate systems that repair double-stranded DNA 
breaks induced by radiation (62): 


1. Homologous recombinational repair (HRR). 
2. Nonhomologous endjoining (NHEJ). 

3. Single-strand annealing (SSA). 

4. Break-induced replication (BIR). 


All of these mechanisms appear to lead to the loss of genetic integrity with the excep- 
tion of HRR. Because the loss of the Ku protein that is essential for NHEJ leads to extreme 
radiosensitivity, this was felt to be the major mammalian mechanism for DNA repair 
(63). However, newer evidence suggests that HRR is also important (64). Whether or not 
cells have the ability to decide which type of repair happens in transcribed regions of the 
DNA compared to the nontranscribed regions is not clear. Current preclinical strategies 
that may become more relevant to therapy in the future include the use of triplex-forming 
oligotrinucleotides with bound reactive chemicals that may be able to induce lesions in 
critical repair genes to increase the efficacy of radiation and/or chemotherapy. 


9.3. Targeting Tumor Hypoxia 


The evidence presented earlier, on the effects of combined modality therapy in carci- 
noma of the anal canal, may exploit to some extent the properties of mitomycin C as a 
hypoxic cell cytotoxin. This strategy remains valid, as many human tumors are less well 
oxygenated than the tissues from which they arose. The literature suggests that not only 
are these hypoxic tumors more difficult to control locally with therapy but that they may 
possess a more malignant phenotype with a higher propensity for distant spread. 
Tirapazamine is a drug developed and introduced into the clinic for its ability to target 
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hypoxic cells (65). It may be that this will lead to a therapeutic advantage as it will target 
hypoxic cells, not normal tissues, and second, it may be able to selectively target that cell 
population that is most resistant to current treatment and thus be able to improve com- 
bined modality therapy significantly. 


10. NEW GENERATION OF MOLECULARLY TARGETED AGENTS 


We are currently on the cusp of a new era in the treatment of cancers whereby we will 
learn to incorporate new drugs that are likely not cytotoxic on their own but when used 
in combination with standard chemotherapy and radiation hold the promise of superior 
tumor responses that will hopefully translate into improved local control and improved 
survival. At the same time it is reasonable to expect an increased selectivity for malignant 
cells compared to normal tissues given that many of these targets are either not altered 
in normal cells or their expression is not usually increased in normal tissues. This leads 
to the anticipation of no increase in normal tissue toxicities when these novel targeted 
agents are used to treat patients. 


10.1. p53 


p53 is a well-characterized tumor suppressor gene that has altered expression in a 
number of cancers. Its function is often characterized as the “guardian of the genome” and 
is involved in the balance of the processes of apoptosis and cell cycle regulation that are 
required for normal ongoing cellular and organ function (66). When mammalian DNA 
is damaged, cells normally arrest in G, phase in order to repair the damage or if the 
damage is too extensive, programmed cell death is initiated; p53 is intimately involved 
in the regulation of this decision-making step by cells as the protein becomes stabilized 
and its DNA binding activity increases in response to a number of stressors including UV 
damage, hypoxia, nucleotide depletion, DNA damaging agents, and hypoglycemia. p53 
expression is known to impact a number of downstream genes (66) at a transcriptional 
level, including Bcl-2, Bax, Fas/APO1, and Mdm2, whereas its expression can be induced 
by any number of inappropriate proliferative signals in transformed cells (67) (c-myc, 
E2F-1, ras, and E/A). It becomes clear that changes in p53 expression will have a 
profound impact on the cellular machinery’ s decision to pursue a pathway of inappropri- 
ately regulated proliferation. 

Ample preclinical evidence that gene replacement therapy with p53 was able to inhibit 
tumor growth in in vitro and in vivo scenarios has lead investigators to consider this 
strategy in humans. There are however a number of potential barriers to this therapy, 
including the efficiency of transduction, that may prove to be limiting. Recently con- 
ducted phase I and II (68—70) trials suggest that although the current technology allows 
for the transduction to occur, it may not have a significant impact on outcome. Further 
refinements in this strategy and larger trials are needed. 


10.2. Cyclo-oxygenase2 (cox-2) 


There is intriguing evidence that shows that nonsteroidal anti-inflammatory drugs 
have anticancer activity that could potentially lead to the use of these drugs or the newer 
generation of selective cox-2 inhibitors for their anticancer activity. Chapter 22 by Pyo 
et al. will expand upon this and address the impact of the interesting observation that a 
combination of the selective cox-2 inhibitor, SC-236, and radiation was found to cause 
a dose enhancement factor of at least 1.4 at a surviving fraction of 0.1 (71). 
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10.3. Epidermal Growth Factor Receptor (EGFR) 


The EGFR family members are perhaps the best studied of the receptor protein 
kinases, especially the two receptors encoded for by C-erbB 1/EGFR and C-erbB2/HER2/ 
neu. It is generally accepted that dysregulated expression of EGFR or its ligands is 
causative in the development and/or progression of tumorigenesis (72). Abundant evi- 
dence exists that many human cancers express either EGFR or one of its common ligands, 
epidermal growth factor (EGF) or transforming growth factor-a (TGF-a) (72). The litera- 
ture also suggests that these ligands may promote angiogenesis, produce stromal prolif- 
eration, cause extracellular matrix deposition, and induce the release of cytokines (73). 
All these actions may impact on a local tumor environment. 

Upon binding of a ligand to the EGFR receptor, dimerization also occurs with activa- 
tion of the intracellular kinase region of the protein. Autophosphorylation occurs, which 
creates a docking site for several signal-transducing proteins whose role it is to transmit 
the proliferative signal from the receptor to its downstream effectors. The precise signaling 
proteins activated and the signal delivered depend on the type of cell surface receptor that 
has been activated. There appears to be one of three ways (74) in which dysregulated 
expression of the EGFR receptor will lead to malignant transformation: the normal EGFR 
is overexpressed, a mutant receptor that is constitutively active without ligand binding, 
and autocrine activation of normal receptors through malignant cells producing activat- 
ing ligands. 

Although numerous strategies have been developed to target this cell surface receptor 
and its downstream effects, much of the current data that look at integrating this tactic 
with current radiation-based therapies have used monoclonal antibodies directed at the 
extracellular portion of the receptor (e.g., C225) (75) which are small molecules that 
competitively inhibit the intracellular kinase activity by binding to the adenosine triphos- 
phate (ATP) binding site (76) (e.g., CI- 1033). Both of these compounds show impressive 
preclinical results that suggest that this approach to therapy may prove very worthwhile. 
Chapter 18 by Moulder and Arteaga expands upon the potential role of EGFR inhibitors 
in the targeting of cancers. 


10.4. Vascular Endothelial Growth Factor (VEGF) 


The establishment of a blood supply to tumors is an important process in the growth 
of tumors. Certainly VEGF and its receptors on endothelial cells are pivotal in situations 
of tumor-related neovascularization. It has been found in situations of both benign and 
malignant neovascularization that the expression of both VEGF receptors, flt-1 and 
KDR, are strongly upregulated (77). Models that provided supplemental VEGF after 
radiation to treated tumor cells lead to an enhancement of endothelial cell proliferation 
and survival (78). Other models that use small molecular inhibitors of the VEGF receptor 
are able to demonstrate a reversion of radiation-resistant tumor phenotypes to radiation- 
sensitive phenotypes when used in combination therapy (79). Numerous approaches are 
under development to attempt to target human tumor endothelial cells as a strategy to 
improve tumor control. Interesting preclinical results would seem to suggest that inte- 
grating these agents into radiation-based treatments would be beneficial. 


10.5. Protein Kinase C (PKC) 


The multigene family of protein kinase C, which functions downstream of receptor 
protein kinases, is involved in the transduction of signals that regulate normal develop- 
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Fig. 4. Several biological mechanisms that have potential to alter sensitization strategies. 


ment and cellular proliferation (80). High PKC levels have been identified in certain 
tumor types including carcinoma of the breast, brain, and colon (8/—83). Manipulation 
of cellular PKC levels through transfection and antisense oligonucleotide strategies have 
indicated a role in carcinogenesis and cellular differentiation. Preclinical studies, which 
have examined the activity of a reversible inhibitor (PKC412) of certain PKCs including 
cdk1/cyclin B1, have found that it has substantial antitumor activity in a variety of murine 
xenografts on its own (84). Furthermore, studies looking at the administration of this drug 
in combination with radiation have shown unique mechanisms for induced tumor growth 
delay depending on the p53 status of the tumors. Those tumors that are +/+ for p53 show 
a drastically increased rate of apoptotic-induced cell death for combination therapy 
whereas those that are —/— experienced an increased G, cell cycle distribution, which is 
the most radiosensitive part of the cell cycle (85). While early clinical trials of this drug 
have shown that it can be safely administered on a chronic timetable, it is hopeful that in 
combined therapy this could significantly improve responses and survival. 

There are numerous other new, targeted agents that hold the promise of improving 
outcomes from therapy not discussed above. They will aim to specifically block the 
action of numerous specific targets including cyclin-dependent kinases, mitogen-acti- 
vated protein kinase, farnesyl transferases, mitogen-activated protein kinase kinase, 
PI 3'-kinase, matrix metalloproteinases, and Bcl-2. Figure 4 is illustrative of possible 
newer ways to think about radiosensitization as these novel agents are incorporated into 
the therapeutic armamentarium. 


11. CONCLUSION 


The accumulated experience over the past half-century has revealed that the delivery 
of chemotherapy and radiation as sole treatment modalities is complicated by multiple 
biologic phenomena. However, we have been able to successfully combine these modali- 
ties to improve the treatment of many solid tumors. In those tumors where significant cure 
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rates have been achieved, efforts to decrease the overall amount of therapy to reduce both 
acute and chronic side effects are ongoing. However, in the majority of solid tumors the 
cure rates, especially those seen with locally advanced tumors, remain poor despite the 
integration of chemotherapy and radiation. It is the hope that by building on the revolution 
in molecular biology that new targeted therapies can be incorporated to improve existing 
treatment paradigms and allow for more patients to be cured of their malignancies. 
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1. INTRODUCTION 


Radiation sensitization with concurrent chemotherapy with an aim to improve 
radioresponse has long been a focus of investigation. As a result of these efforts, the 
concomitant use of cytostatic drugs and radiation has become the standard approach for 
many tumors including head and neck, rectal, anal, esophageal, pancreatic, and gastric 
cancers. The combined chemoradiation offers many potential advantages vs single 
modality treatment, such as reduction in local failure rates, eradication of micrometastases 
to enhance distant control, preservation of organ function, and decrease in tumor bulk 
prior to surgery to make complete resection possible and improve survival. 


From: Chemoradiation in Cancer Therapy 
Edited by: H. Choy © Humana Press Inc., Totowa, NJ 


23 


24 Saif and Diasio 























2 0.8 

2 

2 

2 0.6- 

cc 

a 

To 10.4 

la 

Q 

Qo 

© |o.2- 
B | | | 
0 6 12 18 24 

Months 


Fig. 1. Floxuridine radiosensitization—long-term freedom from liver progression for patients 
with nondiffuse primary hepatobiliary cancer treated with combined radiation therapy and hepatic 
artery infusion of floxuridine. 


An ideal radiosensitizer would be the one that can maximize radiation therapy benefit, 
can be easily administered, can be optimally sequenced with radiation therapy for best 
effects, and have no overlapping toxicities with radiation. Although falling short in 
certain of these characteristics, 5-fluorouracil (5-FU) has become the most promising 
clinical radiosensitizer in combined chemoradiotherapy regimens. 

Randomized trials have demonstrated that a combination of fluorouracil (S-FU)-based 
chemotherapy and radiotherapy significantly improves the survival of patients with both 
pancreatic (1) and rectal cancers (2,3) when compared with the administration of radia- 
tion alone. Furthermore, the improved response rates with use of biomodulators of 5-FU, 
such as lecovorin (LV) in colorectal cancers, led to the use of this biomodulator also in 
the combined chemoradiotherapy regimens involving 5-FU (4). FdUrd is arelated nucleo- 
side, which has also been used with radiation. FdUrd is actively metabolized by the liver, 
and results in high regional drug concentrations with minimal systemic toxicity when 
administered via hepatic artery infusion (5). FdUrd has also been tested with concurrent 
whole-liver radiation for colon carcinoma metastatic to the liver (6,7) (Fig. 1). 

5-FU is an analog of uracil in which the hydrogen in the 5 position is replaced by 
fluorine, whereas FdUrd is an analog of deoxyuridine (Fig. 2). Its cytotoxicity is achieved 
through several mechanisms. In vitro studies have demonstrated enhanced cytotoxicity 
of radiation by fluorouracil. The combined effects of radiation and fluorouracil in con- 
trolling tumor growth are better than the additive effects of the two modalities given 
independently. The radiosensitizing efficacy of 5-FU depends on continuous exposure of 
tumor cells to 5-FU for 8 h or more following radiation (8). Because of the short half-life 
of 5-FU, the drug must be administered as a continuous infusion (CI) to achieve pro- 
longed tumor cell exposure to effective levels of 5-FU. This schedule of administration 
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Fig. 2. Structure of fluorouracil (5-FU) and floxuridine (5-fluoro-2'-deoxyuridine, FdUrd). 


is also associated with less myelotoxicity. Use of CI 5-FU infusion regimens, however, 
has been limited by the need for an indwelling venous catheter and a portable infusion 
pump. These catheters are associated with development of complications including 
thrombosis and infection (9). 

The recent availability of oral formulations of 5-FU, may provide not only an improve- 
ment in the ease of administration and the efficacy of fluoropyrimidine therapy, but also 
alleviate complications related to the catheters. Such agents include uracil:tegafur (UFT) 
and capecitabine (Xeloda). 

The mechanisms of interaction between fluorouracil and radiation are not clearly 
understood. Different hypotheses have been postulated to explain the synergistic or 
potentiated effect of 5-FU with radiation including redistribution of cells to a more 
radiosensitive cell cycle phase, deranged pyrimidine pools with reduced capacity for 
repair of DNA damage, and activation of apoptosis. The effect of 5-FU on radiation 
damage also appears to vary in different cell lines, thus complicating the extrapolation 
of laboratory results into clinical practice. 


2. PHARMACOLOGY OF FLUOROPYRIMIDINES 


The fluoropyrimidines as a group can affect the synthesis and function of both deoxy- 
ribonucleic acid (DNA) and ribonucleic acid (RNA), and both of these two mechanisms 
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Fig. 3. Metabolism of the fluoropyrimidines: dTMP = deoxythymidine monophosphate, (UMP 
= deoxyuridine monophosphate, FAUDP = fluorodeoxyuridine diphosphate, FAUMP - fluoro- 
deoxyuridine monophosphate, FAUTP = fluorodeoxyuridine triphosphate, FU-DNA= fluorouracil- 
deoxyribonucleic acid, FUDP = fluorouracil diphosphate, FUMP = fluorouracil monophosphate, 
FU-RNA = fluorouracil-ribonucleic acid, FUTP = fluorouracil triphosphate. 


have lead to different consequences. Some cell lines are more sensitive to 5-FU’s DNA- 
directed pathways, whereas RNA-medicated cytotoxicity predominates in other cell 
lines (10,11). 


2.1. DNA-Directed Effects of Fluropyrimidines 


5-FU can be metabolized to form fluorodeoxyuridine monophosphate (FdUMP), 
which finally affects DNA. FdUrd is phosphorylated to FAUMP is (via thymidine kinase). 
For 5-FU to be converted into FAUMP, it involves at least two steps (Fig. 3). FAUMP is 
a potent inhibitor of the enzyme thymidylate synthase (TS), which is responsible for 
converting deoxyuridine monophosphate (AUMP) to deoxythymidine monophosphate 
(dTMP). TS inhibition leads to depletion of thymidine nucleotides and accumulation of 
deoxyurindine nucleotides, which leads to several events, including perturbations in 
other nucleotide pools, arrest in S phase of the cell cycle (growth arrest), and, ultimately, 
to DNA fragmentation and loss of clonogenicity (/2, /3). In addition to inhibition of TS 
activity, FAUUMP can be converted to fluorodeoxyuridine triphosphate (FdUTP) and 
become incorporated into DNA. The relative importance of TS inhibition and FAUTP 
incorporation into DNA on FdUrd-mediated DNA damage is not yet clear (14,15). 


2.2. RNA-Directed Effects of Fluropyrimidines 


Although FdUrd produces only DNA-medicated cyotoxicity, 5-FU can also be 
metabolized to fluorouracil monophosphate (FUMP) and ultimately to fluorouracil tri- 
phosphate (FUTP), which can be incorporated into RNA in place of uridine triphosphate 
(UTP). In other words, incorporation of 5-FU into RNA mimics uracil de novo synthesis 
and affects the production of ribosomal RNAs (rRNAs) (16,17). 5-FU also affects several 
aspects of messenger RNA (mRNA) function, including transcription (/8), translation 
(19), and slicing (20). 
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Fig. 4. 5-FU-induced radiosensitization of HT29 human colon cells is potentiated by LV. HT29 
cells were exposed for 14 h to: median alone (O), 10 umol/L LV (@), 1 umol/L 5-FU (W). Cells 
were assessed and data are expressed as described in Fig. 4. 


3. BOMODULATION 


The DNA-mediated effects of fluropyrimidines can be modulated by a number of 
agents, such as leucovorin (LV), levamisole, and interferon-alpha (IFN-alpha). LV pro- 
longs TS inhibition by increasing the availability of the reduced folate cofactor necessary 
for formation of the inactive TS-FdUMP complex (21) (Fig. 4). Studies show alpha- 
interferon can potentiate 5-FU-mediated cyotoxicity, but the mechanisms are not yet 
defined (22,23). Another approach to modulate the activity of fluoropyrimidines is the 
use of the nucleoside transport inhibitor dipyridamole. Dipyridamole probably permits 
5-FU to enter the cell, and may trap intracellular nucleoside metabolites, hence increasing 
cytotoxicity (24,25), but the exact mechanism underlying the selective cytotoxicity 
against tumor cells compared with normal tissues still needs to be determined. 


4. FLUOROPYRIMIDINE-RADIATION INTERACTIONS 


Fluoropyrimidine-radiation interactions can best be understood in terms of the funda- 
mental mechanisms by which fluoropyrimidines lead to DNA damage and ultimately cell 
death. Two such mechanisms have been described as: 


1. Futile repair. 
2. Endonuclease activation. 


4.1. Futile-Repair Hypothesis 


The futile-repair hypothesis is based on the concept that “FdUrd treatment lethally 
deranges normal mechanisms of the cells for removing low levels of dUTP that become 
misincorporated in DNA.” dUTP is a good substrate for DNA polymerases (alpha and 
beta). A high dUTP/thymidine triphosphate (dTTP) ratio occurs after treatment with 
sufficient concentrations of FdUrd, which subsequently leads to misincorporation of 
dUTP into DNA. Uracil-N-glycosylase, an enzyme that recognizes uracil misincor- 
poration and cleaves the glycosidic bond, producing an apyrimidinic site. This site is 
recognized by an apurinic/apyrimidinic nuclease, producing a DNA break. The cell has 
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several mechanisms for repairing DNA single-strand breaks (26). One such repair mecha- 
nism under normal conditions is as follows: neighboring nucleotides are cleaved, DNA 
polymerase fills in the gap, and DNA ligase seals the new, correct bases (including dTTP) 
into place. On the other hand, in the case of a high d(UTP/dTTP ratio, such as following 
administration of FdUrd, dUTP will still be favored over dTTP, and this futile cycle of 
excision and repair would repeat itself. As mentioned earlier, FAUTP can also be incor- 
porated into DNA in place of dTTP, which would be expected to produce a similar futile 
cycle to that produced by dUTP incorporation. It has been hypothesized that larger gaps 
would occur over time that would be sensitive to other cellular nucleases, resulting in a 
potentially lethal DNA double-strand break and DNA fragmentation (27). This is called 
“futile-repair hypothesis.” 


4.2. Endonuclease Activation 


Hirota et al. (28) observed that treatment of FM3A murine mammary carcinoma cells 
with FdUrd produced cytotoxicity that was accompanied by the generation of DNA 
fragments having an unusually discrete size distribution (ranging from 50 to 200 kb). 
The lack of incorporated uracil in these cells and the finding that this damage could also 
be caused by agents that did not cause dUTP elevation and dTTP depletion argued against 
the futile repair hypothesis (28). It was found that the fragment size range noted in these 
cells is similar to the estimated size of an individual replication unit, and it was proposed 
that the observed pattern of damage resulted from selective digestion of actively repli- 
cating DNA by an induced endonuclease activity. This hypothesis was further supported 
by findings that lysates prepared from FdUrd-treated FM3A cells contained an endonu- 
clease activity that was absent from control cells, and that the appearance of this endo- 
nuclease activity could be prevented by inhibiting protein synthesis with cyclohexamide 
treatment (29). 

In brief, it is postulated that futile repair and endonuclease activation may both lead 
to DNA fragmentation after FdUrd treatment, with the dominant process depending on 
a cell-line-specific factor. Neither of the two observed fragmentation patterns resembles 
the random damage produced by ionizing radiation. 


5. MECHANISMS OF RADIOSENSITIZATION 
BY FLUOROPYRIMIDINES 


There are four hypotheses that underline the combined effect of chemoradiation therapy 
employing fluoropyrimidines: 


1. Fluoropyrimidines cause changes in nucleotide pools that alone increase the cytotoxicity 
of radiation (i.e., by depleting substrates used in the repair of radiation-induced DNA 
damage). 

2. Fluoropyrimidines do radiosensitize by causing redistribution of cells into a relatively 

sensitive phase of the cell cycle (early S). 
. Radiosensitization depends on the incorporation of FAUTP into DNA. 
4. Radiation as a potentiation for fluoropyrimidine-mediated cytotoxicity. 


W 


5.1. Nucleotide Pool Perturbations 


One hypothesis for fluoropyrimidine-induced radiosensitization is that fluoro- 
pyrimidines induce changes in nucleotide pools including the ability of polymerases to 
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Fig. 5. HuTu80 human colon cancer cells are radiosensitized by FddUrd. HuTu80 cells were 
irradiated under control conditions (O) or after a 14-h exposure to 100 nmol L FdUrd (Œ). They 
were then assessed doe survival using a clonogenic assay. Data are expresses as the mean (point) 
+ SE (bar), which is within the symbol unless indicated. 


find the correct base required for DNA repair. This alteration leads to either misrepaired 
or unrepaired DNA double-strand breaks, which is consistent with the decrease in sub- 
lethal damage repair and DNA double-strand break repair. Studies have indicated that 
both 5-FU (30) and FdUrd (12) deplete dTTP pools in human colorectal cancer cells 
within 1-2 h of drug exposure, whereas radiosensitization takes many hours to ensue. 
This suggests that nucleotide pool perturbations may result in radiosensitization under 
some circumstances, but pool changes alone do not seem to be the sole mechanism 
responsible to fluropyrimidine-induced radiosensitization. 


5.2. Cell Cycle Redistribution 


Another proposal is that radiosensitization embarks from 5-FU-induced cell cycle 
redistribution. Both 5-FU and FdUrd result in arrest of S phase cells and block cells that 
are not in S phase at the G1/S interface. Studies in rodent (37) and HeLa cells (32) have 
revealed that early S phase is a relatively sensitive phase of the cell cycle, thereby 
suggesting that fluoropyrimidine-mediated radiosensitization may result from redistri- 
bution into a more radiosensitization phase of the cell cycle. Investigators also tried to 
evaluate dependence on the timing of exposure to fluoropyrimidines in relation to radia- 
tion on the resultant radiosensitization, such as to correlate the enhancement ratio with 
the fraction of cells in early S phase (12) (Fig. 5). 

Cell cycle redistribution may not be the sole factor if cells are irradiated before 
drug exposure, but it has been shown that 5-FU can sensitize even when cells are 
irradiated before drug exposure. Byfield et al. found that 5-FU radiosensitizes HeLa 
cells only when the drug exposure followed radiation (the cells were treated with 5- 
FU, either before or after radiation, for up to 8 d). A similar finding was observed on 
HT29 human colon cancer cells, except that in these experiments cells were exposed 
to 5-FU for a maximum of only 30 min before radiation (33). These observations 
demonstrate that radiosensitization can be produced in the absence of cell cycle 
redistribution. 
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Fig. 6. FdUrd-induced radiosensitization is greater under treatment conditions that produce cyto- 
toxicity. Data from Miller and Kinsella et al. and the data from Bruso et al. and Lawrence et al., 
the average radiation enhancement ratio is shown for a variety of FdUrd treatment conditions. 


Investigations were also focused to assess cell cycle redistribution when cells are 
exposed to fluoropyrimidines before radiation. Lawrence et al. used a mechanical tech- 
nique called centrifugal elutriation to obtain populations enriched in various phases of the 
cell cycle and found large differences in radiation sensitivity during different phases of 
the cell cycle, HT29 cells evidenced no significant differences in radiation sensitivity 
during different phases of cell cycle (34,35). These findings suggest that although cell 
cycle redistribution accompanies fluoropyrimidine treatment, it does not appear to cause 
the increase in radiation sensitivity observed. 


5.3. Incorporation of F€AUTP into DNA 
CB3717 is a TS inhibitor and does not incorporate into DNA. CB3717 is also a potent 


radiosensitizer of HT29 cells (under the same conditions as FdUrd) (35). This finding reflects 
that incorporation of FAUTP into DNA may not be a prerequisite for radiosensitization. 


5.4. Radiation as a Potentiation for Fluoropyrimidine-Mediated Cytotoxicity 

It has been postulated that radiation may act as a potentiator of fluoropyrimidine-medi- 
cated cytotoxicity. This possibility is borne out of the observation that fluoropyrimidine- 
induced radiosensitization of human colon cancer cells tends to occur under conditions that 
produce at least some cytotoxicity by the drug alone (/5,33,36,37). This hypothesis is 
further supported by the dataemploying FdUrd treatment in HT29 cells, which showed that 
enhancement ratio was significantly greater when surviving fraction was <0.7 than when 
the surviving fraction was 20.7 (p < 0.05 by t test) (Fig. 6). 


6. PHARMACOLOGICAL AND SCHEDULING REQUIREMENTS 
FOR OBTAINING EFFECTIVE RADIOSENSITIZATION 
WITH FLUOROPYRIMIDINES 


6.1. Effect of Pharmacology of 5-FU on Radiosensitization 


5-FU has a short half-life (10-15 min). Bolus doses of 5-FU disappear from the blood 
stream rapidly because of hepatic degradation of drug. Since radiosensitization requires 
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constant drug exposure, bolus drug dosing cannot achieve effective radiosensitization 
(38). Pharmacologic studies have also shown that 5-FU has nonlinear pharmacokinetics, 
which is another pharmacologic factor as with its radiosensitizing effect (39,40). Non- 
linear pharmacokinetics may occur due to the presence of two mechanisms competing for 
drug removal: removal of drug by proliferating body tissues, largely through incorpora- 
tion into RNA, and hepatic degradation (40). It is postulated that these two mechanisms 
are antagonistic because hepatic degradation eliminates the drug whereas incoporation 
of the drug into RNA is one of the mechanisms of action responsible for the cytoxicity 
of 5-FU (41). Clinically, these two phenomena interact and result in essentially no drug 
demonstrable when 5-FU is infused at doses below 15 mg/kg/24 h. The investigators 
hypothesized that under such conditions, 5-FU “clearance” equals the cardiac output, i.e., 
the drug is totally cleared during a single passage (subject to minor differences in tissue 
bed uptake). However, at dosages higher than about 15mg/kg/24 h, a linear relationship 
between infusion dose and mean plasma level have been noted (>15-65 mg/kg/24 h). 
The plasma 5-FU levels obtained during continuous infusions between dose levels of 15 
and 65 mg/kg/d provide the concentrations necessary to cause significant cytotoxicity in 
human tumor cells in tissue culture and to induce radiosensitization. This observation 
suggested a quantitative relationship between tissue culture data and 5-FU levels required 
for in vivo cytotoxic radiosensitization of tumor cells (42). 


6.2. Effect of Scheduling of 5-FU on Radiosensitization 


The studies have also suggested the “scheduling” requirements for obtaining 
radiosensitization induced by 5-FU, and that 5-FU must be present for at least 24 h after 
each (and every) radiation fraction to achieve maximum radiosensitization. Investigators 
also tried to determine the optimum duration of the infusion. Moertel et al. studied CI up 
to 24 h in duration and found no significant difference in toxicity vs bolus therapy (43). 
On the other hand, Seifert et al. showed that 5-FU infusions for 5 d resulted in a marked 
shift in limiting toxicity (44). Byfield et al. examined 72-h infusions of 5-FU and found 
central nervous system (CNS) toxicity, previously not seen with shorter infusions (where 
marrow suppression is the main toxicity) (40). Lokich et al. studied “protracted” infu- 
sions in which 5-FU is essentially infused constantly until toxicity, tumor progression, 
or mechanical complications affected the therapy (45). The studies proposed that infu- 
sion between 96 h and infinite hours (PI: protracted infusion) can be used for 
radiosensitizing regimens provided the drug is infused to limiting toxicity. In almost all 
patients this toxicity will involve some components of each patient’s squamous cell 
renewal system. 


6.3. Integration of 5-FU and Radiation 


Byfield proposed certain principles that may govern the development of radio- 
sensitization produced by 5-FU (23,46,47). 


6.3.1. DURATION OF SCHEDULE 


The infusion should be at least 96 h and preferably be protracted infusion. The schedule 
is based on the degree of radiosensitization as a function of primary 5-FU cytotoxicity. 
Although radiosensitization can be achieved with infusions shorter than 96 h, neurologi- 
cal side-effects become a limiting toxicity (40). Therefore, probably 96 his the “shortest” 
infusion that is both safe and effective in inducing radiosensitization (Figs. 7 and 8). 
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Fig. 7. A schematic representation of treatment of 5-FU and external irradiation. The stippled 
rectangles represent weekly irradiation (9 Gy total/wk, given in five doses of 1.8 Gy). Concurrent 
5-FU is represented by the solid bars beneath the irradiation, and the height of the bars represents 
the peak level of radiosensitizing chemotherapy. By using protracted infusional schedules of 
5-FU, radiosensitizing chemotherapy can be given with each daily dose of irradiation (from 5 to 
35 d). Newer schedules using continuous intermittent and circadian schedules have achieved high 
tumor activity with acceptable toxicity in recent trials. 
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Fig. 8. Diagram of 5-FU radiosensitization. Curve 1: Radiation survival curve for cells not treated 
with 5-FU. Curve 2: Radiation survival curve for cells treated postradiation with sufficient 5-FU 
to kill 50% of the cells without radiation (partial response equivalent). Curve 3: Radiation survival 
curve with 5-FU killing to 10% (typical of cell system very sensitive to 5-FU). 
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Table 1 
Cancers Sensitive 
to 5-FU Radiosensitization 


Cancers 


Esophagus 
Anus 

Larynx 

Vulva 

Penis 

Bladder 
Rectum 

Head and neck 
Pancreas 
Gastric 


6.3.2. FRACTIONATION SCHEME OF RADIATION 


Investigators have employed all schemes inducing conventional fractionation (180- 
200 rad/d), hyperfractionation, and hypofractionation. There is no convincing evi- 
dence that infused 5-FU affects the late effects of radiation, which are a function, 
primarily, of the daily treatment fraction size. However, the capacity to combine 
radiosensitizing infused 5-FU with hyperfractionated radiation should be considered, 
especially in patients requiring retreatment where tolerance is an issue and can be 
increased by hyperfractionation. 


6.3.3. CYCLICITY OF ADMINISTRATION OF 5-FU 


Cyclicity of administration is vital in the use of 5-FU as a radiosensitizer. The concept 
of cyclical treatment has been well established in cancer chemotherapy and alien to 
classical radiation therapy (where it is termed “split-course” therapy). 5-FU radio- 
sensitizes tumor tissue as well as normal cells. However, this normal tissue radio- 
sensitization is limited to the irradiated field. Suitable fractionation (i.e., cyclical therapy) 
can permit rapid normal tissue recovery (23). The results of infused 5-FU and radiation 
in head and neck cancer supports the principle that cyclical treatment with 5-FU does not 
suffer from the limitations apparent in split-course radiation treatments. 

The above described “principles” imply that optimal therapy should include tumors that 
are 5-FU-sensitive or, in other words, are derived from normal tissues sensitive to infused 
5-FU. Tumors insensitive to 5-FU cannot be radiosensitized using this approach (42). 

Practically speaking, 5-FU infused at 25-30 mg/kg/d continuously for 5 d will 
radiosensitize virtually all 5-FU-sensitive tumors listed in Table 1. Although the “opti- 
mal” regimen has yet to be established, the 5-d schedule of 5-FU currently appears close 
to an ideal regimen. 


7. ROLE OF p53 IN 5-FU-INDUCED RADIOSENSITIZATION 


The role of p53 in flouropyrimidine-radiation interaction remains controversial. Some 
investigators have suggested that cells which are p53 mutated are more resistant to 
radiation (48), whereas others have found that p53 status is unrelated to radiation sensi- 
tization (49-51). Studies on SW620 cells (which are not sensitized) and HT29 cells 
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(which are sensitized) that have the identical p53 mutations, revealed that p53 status does 
not play an independent role in fluoropyrimidine-mediated radiosensitization (52). Ithas 
also been found that RKO cells, which are mutant, wild-type (wt), or effectively null 
(through E6 transfection) in p53, are equally radiosensitized by FdUrd. Interestingly 
enough, fluoropyrimidines lead to elevation of p53 levels in cells with wt p53 (53). It is 
also known that p53 elevation produced by TS inhibition occurs when cells enter S (i.e., 
after having passed through the G, checkpoint) (54). This all leads to a model in which 
fluoropyrimidine-treated cells progress through the classic G; checkpoint and into S 
phase for several hours before arresting or progressing (slowly); the latter condition is 
associated with radiosensitization. 


8. ROLE OF 5-FU RADIOSENSITIZATION IN GENE THERAPY 


Although it is beyond the scope of this chapter to delve deeply into gene therapy, it is 
worth mentioning that 5-FU could have a potential role as a radiosensitizer in this com- 
plex area as well. It has been revealed that the bacterial enzyme cytosine deaminase (CD) 
can be introduced into cells, so that they become capable of converting 5-flucytosine 
(nontoxic antifungal agent) into 5-FU (55). 5-FU produced from 5-flucytosine in cells 
containing CD can also radiosensitize (56). Another possibility is that the activation of 
this agent under the control of a carcinoembryonic antigen (CEA) promoter could allow 
nonspecificity of the introduction of the CD gene, relying on the presence of CEA for the 
tumor specificity. However, only a fraction of cells are transduced in vivo and these cells 
must be capable of killing the rest of the tumor (the bystander effect), thereby disquali- 
fying this concept. In the case of intracellular CD, high levels of intracellular 5-FU are 
generated from 5-flucytosine, which tends to kill the “factory” before the bystander (57). 
It underlines the basis to develop gene therapy strategies for both direct cytotoxicity and 
radiosensitization that maximize the bystander effect. 


9. ORAL FORMS OF 5-FU 


The recent availability of oral formulations of 5-FU involving the ability to modu- 
late the anabolic and catabolic metabolism of 5-FU with LV and dihydropyrimidine 
dehydrogenase (DPD) inhibitors has provided a substantial improvement in the ease of 
administration and may probably improve the efficacy of fluoropyrimidine-induced 
radiosensitization. Such oral fluoropyrimidines include UFT (uracil:tegafur) plus oral 
LV (Orzel™), an oral DPD-inhibitory fluoropyrimidine (DIF), and capecitabine 
(Xeloda; Roche). 

With daily administration, Orzel results in similar concentrations of 5-FU as those 
achieved with CI5-FU, without the necessity for indwelling catheters and infusion pumps. 
The predominant toxicity of Orzel is gastrointestinal and myelosuppression (58). 
Capecitabine is an oral prodrug of 5-FU. Capecitabine is an approved agent (by FDA) that 
offers potential for simulating an intermittent continuous infusion of 5-FU without the 
inconvenience and morbidity associated with indwelling catheters. Clinical data suggest 
a favorable safety profile when given alone. Another compelling reason to evaluate 
capecitabine in combination with radiotherapy is that some tumors have high levels of 
thymidine phosphorylase (dThdPase). In the clinical studies, high tumor levels of this 
enzyme correlated with low likelihood of benefit to 5-FU. In contrast, high intra- 
tumoral dThdPase levels in preclinical models are associated with enhanced sensitivity 
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to capecitabine. Moreover, combining capecitabine with radiotherapy may mimic the 
radiosensitizing effect of 5-FU when given intravenously (59). 


9.1. Orzel in Combination with Radiation Therapy 


The regimes combining Orzel and capecitabine with radiation therapy have become 
the focus of increasing interest in the management of patients’ various malignancies 
including rectal, anal, locally advanced head and neck, esophageal, and pancreatic cancers. 


9.2. Head and Neck Cancer 


Takahashi et al. (60) found that UFT with concurrent radiotherapy was both effective and 
well tolerated, with a response rate approaching 94%. Fujii et al. (6/) performed a phase I 
study and reported that UFT 300 mg/m? daily and carboplatin AUC: 5.0 d 1 every 8 wk was 
well tolerated with local radiation and recommended this dose schedule for phase II evalu- 
ation. Rivera et al. (62) in a phase II study in patients with stage III and IV squamous cell 
cancer of the head and neck involving UFT (6 mg/kg on d 1-21), vinorelbine (25 mg/m? on 
d 1 and 8) and CDDP (100 mg/m? on d 1), the combination being repeated every 21 d for four 
cycles followed by UFT (5 mg/kg/d) and carboplatin (100 mg/m?/wk) administered concur- 
rently with radiation found encouraging results. Gonzalez-Larriba et al. (63) performed a 
phase III study comparing UFT (300 mg/m? d 2 to 20) and CDDP (100 mg/m? d 1) with CI 
5-FU (100 mg/m? d 2-6) and CDDP (100 mg/m? d 1) (both regimens repeated every 21 d 
for four cycles) as neoadjuvant therapy prior to radiation therapy (50-70 Gy) in patients with 
stage III and IV head and neck cancer. The overall response rates of the two arms were 79% 
vs 73%, overall survival of 37 vs 15 wk, and time to progression of 14.5 and 8.5 wk, 
respectively. However, the trend in each efficacy parameter favored the UFT/CDDP arm. 


9.3. Nonsmall-Cell Lung Cancer 


Takeda et al. (64) performed a phase I/II study consisting of low-dose CDDP (6-10 
mg/m?/d) and UFT (600 mg/d) combined with radiotherapy (50 Gy/25 fractions) as 
postoperative adjuvant therapy following curative resection for patients with nonsmall- 
cell lung cancer (NSCLC). The combined therapy was well tolerated and resulted in a 
disease-free survival rate of 78% at 2 yr. Another study in a small number of patients with 
unresectable stage III nonsmall-cell lung cancer, UFT (400 mg/m? on d 1-52) and 
CDDP (80 mg/m? on d 8, 29, and 50) were administered with radiation therapy (total dose 
of 60.8 Gy in 38 fractions on d 1-52). Among 17 evaluable patients, 94% (16 patients) 
achieved partial responses with median time to tumor progression of 30 wk, and the 
1-yr survival rate of 80% (65). 


9.4. Gastric Cancer 


UFT was studied in combination with radiation therapy in patients with locally advanced, 
inoperable gastric carcinoma. Tsukiyama et al. (66) evaluated combined modality therapy 
(CMT) consisting of UFT and mitomycin-C administered together with radiation therapy, 
and reported local control in 70% of patients with advanced inoperable gastric cancer. 


9.5. Pancreatic Cancer 


Robert et al. (67) conducted a phase I trial in patients with pancreatic cancer, consisting 
of UFT/LV (starting dose of UFT was 150 mg/m7/d, escalated in increments of 50 mg/ 
m?/d with three patients per cohort to a current level of 300 mg/m7/d), LV 90 mg/d, both 
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in three divided doses for 35 d starting on d 1 of radiation, and concurrent radiation 
therapy (45 Gy; 1.8 Gy/d). The preliminary results revealed minimal hematologic tox- 
icity (except for one episode of grade 4 neutropenia on d 38) and infrequent and reversible 
nonhematologic toxicity, median survival of 12.5 mo (range 4-19 mo) and the median 
time to progression of 9 mo. Patient accrual was stopped because an MTD had not been 
reached at the 300 mg/m?/d dose of UFT. A second phase of the study is planned incor- 
porating changes in patient selection criteria and in treatment schedule. 


9.6. Rectal Cancer 


Hoff et al. (68) performed a phase I study in patients with clinical stage II and III rectal 
carcinoma involving preoperative chemoradiotherapy consisting of UFT starting at 
250 mg/m?/d (escalated by 50 mg/m?/d for subsequent levels) plus LV (90 mg/d) com- 
bined with radiotherapy (45.0 Gy) followed later by surgery. Then postoperatively, 
patients received adjuvant UFT/LV (UFT 300 mg/m*/d and LV 90 mg/d) in a 28-d 
schedule every 35 d for four cycles. The recommended dose level of UFT with radiation 
was 350 mg/m?/d with 90 mg/d of LV. de la Torre et al. (69) conducted a phase II study 
of UFT/LV (300 mg/m?/d UFT and 30 mg/d LV on days 8-35) administered with 
concurrent pelvic radiation (total dose of 35 Gy) in patients with unresectable or recur- 
rent rectal cancer, and found that 13% of patients had a complete response, 69% a partial 
response, and complete pathologic response was observed in 9%. Studies aiming at 
postoperative UFT/LV plus radiotherapy are ongoing at present. 


10. CAPECITABINE (XELODA) IN COMBINATION 
WITH RADIATION THERAPY 


Xeloda mimics continuous FU infusion with a more convenient administration sched- 
ule. In addition, it has been demonstrated in experimental models that radiation 
upregulated dThdPase activity in tumor tissue. It has also been demonstrated that Xeloda 
given in combination with radiation therapy was associated with superior activity when 
compared to either given alone, whereas FU and XRT in combination did not show clear 
evidence of an additive effect (70). 

A phase I study of Xeloda in combination with XRT in rectal cancer is in the adjuvant, 
neoadjuvant, and palliative settings (7/—73). The DLT of the combination is hand-foot 
syndrome and mild to moderate leukopenia, diarrhea, and local skin reaction (7/—73). 
The recommended dose for phase 2 studies is Xeloda 825 mg/m? twice daily without 
interruption in combination with standard dose of radiation. Promising activity has been 
demonstrated in neoadjuvant therapy with six objective responses in seven evaluable 
patients including one pathological confirmed CR. 


11. CLINICAL INDICATIONS 
OF FLOUROPYRIMIDINE-INDUCED RADIOSENSITIZATION 


The use of 5-FU in combination with radiotherapy has shown improved survival in 
various malignancies including unresectable pancreatic cancer, resectable pancreatic 
cancer, Dukes B2 and C rectal cancer, esophageal cancer, and hepatobiliary cancer 
(Table 2). Similarly, 5-FU with concurrent radiation has also been used for organ 
preservation in different tumors involving bladder cancer, anal cancer, and laryngeal 
cancer (Table 3). 
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Table 2 
Malignancies in which Fluoropyrimidines and Radiation Therapy Appear to Improve Survival 
Ref. Disease Group Treatment Survival 
1 Unresectable pancreatic GITSG Radiation (40 Gy) + 5-FU 42.2 wk" 
cancer Radiation alone (60 Gy) 22.9 wk" 
78 Resectable pancreatic GITSG Radiation alone (40 Gy) + 5-FU 21.0 mo“ 
cancer No adjustment treatment 10.9 mo“ 
2 Dukes B2 and C rectal GITSG No adjuvant therapy 35%" 
cancer Radiation (40-44 Gy + 5-FU 55%” 
+ semustine 
3 Dukes B2 and C rectal NCCTG Radiation (45-50.4 Gy) alone 35%° 
cancer Radiation (45-50.4 Gy)+ 5-FU 55%" 
+/- semustine 
80 Dukes B2 and C rectal NCCTG Radiation (54 Gy) + bolus 5-FU 60%! 
cancer +/- semustine 


Radiation (54 Gy) + infusion 5-FU 70%! 
+/- semustine 


76 Esophageal cancer RTOG Radiation (64 Gy) alone 8.9 mo“ 
Radiation (50 Gy)+5-FU 12.5 mo“ 
+ cisplatin 
85 Primary hepatobiliary University of Radiation + hepatic arterial 16 mo 
cancer Michigan floxuridine 


a . . 
Median survival. 
5-yr survival. 

Cc ‘s 
7-yr survival. 
4-yr survival. 


“Phase I/II study. 
Table 3 
Malignancies in which 5-FU and Radiation Therapy Have Been Used for Organ Preservation 
Number Percentage 

Ref. Disease Treatment of patients of organ sparing 

86 Bladder cancer Radiation (60 Gy) + 5-FU 34 70% 

87 Radiation (60—65 Gy) 19 89% 

8l Anal cancer Radiation (30 Gy) + 5-FU + 45 716% 
mitomycin 

82 Radiation (30—45 Gy) + 5-FU + 22 100% 
mitomycin 

&8 Laryngeal cancer 5-FU + cisplatin + radiation 332 64% 
(66-76 Gy)“ 


“Sequential delivery of chemotherapy and radiation. 


11.1, Esophageal Cancer 


The feasibility of concomitant chemoradiotherapy has been evaluated in numerous 
studies in esophageal cancer, given either as preoperative treatment or as primary therapy. 
In most of these studies, fluorouracil was an integral part of the chemotherapy regimen. 
Byfield et al. (74) evaluated the efficacy of 5-FU infusion (for 5 d) and 10 Gy of radiation 
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(in four fractions given every 2 wk) for a total of six cycles. Five of six patients achieved 
complete responses and were alive at the time of the report (range: 1-22 mo). Coia et al. 
(75) reported the results of 57 patients with stage I or II esophageal cancer who received 
fluorouracil infusion (for 4 d x two cycles, starting on d 2 and 29), and CMT (ond 2) with 
radiation (60 Gy in 30 fractions). The 3- and 5-yr actuarial survivals were 29% and 18%, 
respectively. The disease-specific survival was 41% and 30% at 3 and 5 yr, respectively. 
In a randomized intergroup trial, 121 patients with localized esophageal cancer were 
administered either 64 Gy of radiation alone or four cycles of fluorouracil and cisplatin 
plus 50 Gy of radiation. The results showed 24-mo survival of 38% in the chemo- 
radiotherapy arm vs 10% in the radiation-alone arm (p = 0.001). An additional follow- 
up revealed a 3-yr survival of 31% in the chemoradiotherapy arm vs no 3-yr survival in 
the radiation-only arm (77). The local failure rate was 44% in the combined-modality arm 
vs 65% in the radiation-only arm (p < 0.01). Within 12 mo, the rate of distant metastasis 
was 22% in the combined-modality arm vs 38% in the radiation-only arm (p = 0.005), and 
more toxicity was associated with the combined-modality treatment. In addition, 44% of 
patients in the combined-modality arm had severe side effects and 20% had life-threat- 
ening side effects vs 25% and 3%, respectively, in the radiation-alone arm. 

The results of the intergroup trial compound the concept of radiosensitization, since 
a lower dose of radiation in the combined-modality group improved local control com- 
pared with the radiation-alone group. The chemotherapy also decreased the risk of 
micrometastasis. Despite the better outcome with chemoradiotherapy, the overall prog- 
nosis of these patients remains poor. Norandomized trials comparing chemoradiotherapy 
with esophagectomy have been performed; it seems that chemoradiotherapy provides a 
reasonable alternative to esophagectomy in selected patients. 


11.2. Pancreatic Cancer 


In a Gastrointestinal Tumor Study Group (GITSG) trial (78), patients were random- 
ized to adjuvant chemoradiotherapy or to observation alone after complete resection. 
Radiation was administered in two courses of 20 Gy each, separated by an interval of 
2 wk, for a total dose of 40 Gy. Fluorouracil was given for three consecutive days at the 
beginning of each radiation course and was then continued once weekly for 2 yr. Although 
only asmall number of patients were evaluated, the study suggested a significant survival 
benefit for the combined treatment arm vs the control arm (median survival: 20 mo vs 
11 mo, respectively). However, 71% of the treatment arm and 86% of the control arm 
developed recurrent disease. 

The GITSG then randomized 194 patients with locally advanced, unresectable pancre- 
atic cancer to receive 60 Gy of radiation alone, 40 Gy of radiation plus fluorouracil, or 
60 Gy radiation plus fluorouracil (7). The median time to progression was 12.6 wk for 
the radiation group vs 30-34 wk for the combined-modality groups. The median survival 
for radiation-alone group was 5.5 mo vs 10 mo for the combined-modality group. 
Although the median survival of patients receiving 60 Gy was slightly better than those 
who received 40 Gy, the difference was not significant. 

In another GITSG study, patients with locally unresectable pancreatic cancer were 
randomized to multidrug chemotherapy (streptozocin, CMT, and fluorouracil) or to 54 Gy 
of radiation plus fluorouracil followed by the same three-drug chemotherapy regimen. 
Overall survival for the combined chemoradiotherapy group was superior, i.e., 41% at 
one year vs 19% for the chemotherapy group (79). 
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11.3. Rectal Cancer 


The GITSG randomized patients with resected Dukes B2 or C rectal cancer to one of 
four arms: no adjuvant therapy, postoperative radiotherapy of 40-48 Gy, postoperative 
chemotherapy with fluorouracil (500 mg/m? on the first 3 d and the last 3 d of radio- 
therapy) and semustine, or combined chemotherapy and radiotherapy (2). Two hundred 
and two evaluable patients of the original 227 patients showed at 7 yr, the survival of 56% 
for the combined treatment group compared with 32% for the control group (p = 0.005). 
Both locoregional and distant recurrence decreased, but the main advantage was improved 
locoregional control. The chemotherapy alone or radiotherapy alone groups did not 
improve local control or survival significantly. 

The Mayo Clinic/North Central Cancer Treatment Group (NCCTG) randomized 
patients with resected rectal cancer and tumor penetration through the rectal wall or with 
metastatically involved lymph nodes were assigned to postoperative radiation alone (45— 
50.4 Gy) or to two courses of chemotherapy with fluorouracil and semustine followed by 
concomitant fluorouracil and radiotherapy and two additional courses of chemotherapy 
(3). At 5 yr, the recurrence-free survival was 37% for the radiation group vs 58% for the 
combined-modality group (p = 0.0016). The overall survival was 44% for the radiation 
group vs 57% for the combined-modality group (p = 0.025). The incidence of severe late 
complications was similar between the two treatment groups. An intergroup trial dem- 
onstrated the benefit of protracted fluorouracil infusion when given concomitantly with 
radiation as indicated by a significant decrease in recurrence (from 47% to 37%) and 
distant metastasis (from 40% to 31%) compared with those who received bolus fluorou- 
racil (80). Survival was better in patients treated with protracted venous infusion of 
fluorouracil. Patients in the protracted fluorouracil group had a higher incidence of severe 
diarrhea, whereas the bolus fluorouracil group had more severe myelosuppression. 


11.4. Anal Cancer 


The Wayne State regimen consisted of two cycles of fluorouracil infusion (1000 mg/ 
m?/d d 1—4 and on d 29-32), and CMT (15 mg/m? on d 1) with radiation (total dose of 
30 Gy) (81). The results revealed overall 5-yr survival rates of 70-90% and preservation 
of anal sphincter function in more than two-thirds of the patients. The main toxicities of 
CMT may include severe, life-threatening hematologic and pulmonary toxicity, and 
hemolytic uremic syndrome. Cummings et al. (82) evaluated its contribution to the ef- 
ficacy of the combined modality therapy in a series of nonrandomized protocols in which 
patients were treated with radiation plus fluorouracil and CMT, radiation plus fluorou- 
racil, or radiation only. The local control and cause-specific survival for patients receiv- 
ing radiation and fluorouracil plus CMT were significantly superior compared with those 
receiving radiation and fluorouracil or radiation alone. In a randomized trial by the 
Radiation Therapy Oncology Group (Study 87-04), patients were treated with 45 Gy of 
radiation and two courses of fluorouracil (1000 mg/m?/d for 4 d on wk 1 and 4) (82). They 
were randomized to receive or not receive CMT (10 mg/m? on d 1 and 29). Preliminary 
results suggested significant improvements in the four-year locoregional control (82% vs 
64%, respectively), colostomy-free survival (71% vs 59%, respectively), and survival 
without evidence of disease (73% vs 51%, respectively) for patients who received both 
fluorouracil and CMT vs those who received fluorouracil alone. The difference in overall 
survival was not statistically significant (76% vs 67%, respectively). Patients receiving 
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fluorouracil and CMT were also noted to have a higher incidence of severe toxicities than 
those receiving fluorouracil alone. This study confirmed that CMT constitutes an important 
component of the combined chemoradiotherapy modality at the cost of increased toxic- 
ity. In a study that included 20 patients with locally recurrent and/or metastatic anal 
cancer, fluorouracil and cisplatin achieved a 55% response rate (83). The preliminary 
result of a phase II trial by the Eastern Cooperative Oncology Group (ECOG) using 
fluorouracil, cisplatin, and 59.4 Gy of radiation showed an overall response rate of 92% 
and a complete response rate of 74% (84). An intergroup randomized study is underway 
to determine whether a high dose (59.4 Gy) is more effective than a moderate dose (45 Gy) 
of radiation and whether fluorouracil plus cisplatin is a more effective chemotherapy 
regimen than fluorouracil plus CMT. 


12. SUMMARY 


The pharmacologic studies indicated that intrinsic pharmacokinetics of 5-FU hinder 
their ability to reproduce the conditions required for radiosensitization. Indeed, the short 
half-life of the drug (from hepatic removal) preclude anything other than addictive effects 
when bolus drug is added to any variety of radiation fractionation scheme. These two sets 
of requirements together demonstrated that a continuous infusion (in which drug is made 
present for at least 24 h after each radiation fraction) would be optimal. In summary, 
5-FU is a potent radiosensitizer under the following defined circumstances. 


1. 5-FU has to be present for at least 24 h after each radiation exposure in order to establish 
the radiosensitive state. Prior exposure to the drug (with its removal after X-ray exposure) 
has no effect on radiation survival. 

2. In order for 5-FU to render cells sensitive to radiation, a demonstrable degree of cell 
killing by 5-FU has to occur. In other words, some effectiveness of drug alone must be 
seen (equivalent quantitatively to killing slightly short of a clinical partial response). 

3. 5-FU-insensitive human cancers probably cannot be radiosensitized by 5-FU. 


Although, there are theoretical advantages of combining chemotherapy and radio- 
therapy to enhance cytotoxicity, 5-FU combined with concurrent radiation has been 
shown to improve treatment outcome in several malignancies, in particular, gastrointes- 
tinal cancers. Despite this progress, further efforts are required to improve the current 
results by well-designed randomized clinical trials, especially involving newer/oral 
agents. Basic laboratory research is also indicated to elucidate the underlying mecha- 
nisms of interaction between 5-FU and radiation, to facilitate the development of more 
effective drugs, and to provide the framework for future clinical trials. 
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1. CHEMISTRY AND BIOCHEMISTRY 


Platinum complexes are one of the most important classes of antitumor agents to enter 
the clinic in the last 30 yr. Cisplatin (cis-diamminedichloroplatinum ID), the first of a 
group of antitumor platinum complexes, was shown by Rosenberg et al. (/) to possess 
antibiotic activity and in subsequent studies (2) to have antitumor activity in murine 
tumor models. In 1972 the National Cancer Institute introduced cisplatin into clinical 
trials. Cisplatin is a water-soluble inorganic square planar coordination complex contain- 
ing acentral platinum atom surrounded by two chlorine atoms and two ammonia moieties 
(Fig. 1). Platinum complexes are characterized by slow rates of ligand substitution reac- 
tions compared with other metal complexes (3—5). Because of the slow reactions involved 
in platinum drugs binding to DNA, other intracellular nucleophiles such as glutathione 
may compete with DNA for reaction (6). Platinum complexes may also bind to 
metallothioneins, cytosolic proteins of molecular weight 6000-7000 that contain 
20 cysteine residues (7). The primary mechanism of inhibition of tumor growth by 
cisplatin appears to be inhibition of DNA synthesis (8,9). The cis configuration of the 
chloride leaving groups of cisplatin favors the formation of intrastrand crosslinks in DNA 
(10-14). Recently, the crystal structure of a double-stranded DNA decamer containing 
a single interstrand crosslink of cisplatin formed between opposite guanine residues in 
the 5'-GC sequence was solved (/5). In another study using short oligodeoxyribo- 
nucleotides duplexes (10 and 20 base pairs) containing a central sequence AGCGA/TCGCT, 
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Fig. 1. Radiosensitization of hypoxic V79 cells by 5 uM cisplatin compared to 1 mM misonidazole. 
The enhancement ratio for the cisplatin (5 uM) in this experiment was 1.15. Adapted from 
Stratford et al. (153). 


the interstrand crosslink formed by cisplatin between guanine residues in the opposite 
strands in the 5'-GC sequence was labile at 37°C and rearranged into an intrastrand 
crosslink (76). Thus, the frequency of specific cisplatin adducts could be locally and 
transiently altered in DNA in the cell nucleus during some phase (or phases) of the cell 
cycle and could be different from those in DNA modified in cell-free media (17). DNA 
interstrand crosslinks of cisplatin inhibit transcription elongation by both prokaryotic 
and eukaryotic RNA polymerases (/&) and thus may be more lethal than the more fre- 
quent intrastrand crosslinks (17). 

The carrier ligands, that is, the chemical moieties bound to platinum that are not the 
leaving groups and become part of the lesion on DNA, of the platinum antitumor agents 
appear to play an important role in determining efficacy against tumors with both intrinsic 
and acquired resistance to cisplatin (/9). Both cisplatin and carboplatin have cis-diammine 
carrier ligands, therefore there is a high level of cross-resistance between cell lines and 
tumors for these compounds. Oxaliplatin, JM216, and ZDO473 each have different 
carrier ligands. Major mechanisms of platinum resistance include decreased accumula- 
tion of the compound in cells, increased inactivation by glutathione, increased efflux of 
the platinum compound, increased nucleotide excision repair, and decreased mismatch 
repair (20-22). In addition, increased tolerance of platinum—DNA adducts, that is, an 
increase in the number of platinum adducts required to inhibit cell growth, play an 
important role in resistance to these drugs (23—26). Increased tolerance of platinum- 
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DNA adducts most likely reflects increased DNA repair such as nucleotide excision 
repair and postreplication repair including translesion synthesis, gap filling, and template 
switching during replication (27,28). 

Since the first reports of accumulation defects in cells with acquired resistance to 
cisplatin (29, 30), research effort has been directed toward defining the mechanism(s) by 
which cisplatin enters and leaves cells (37—34). A clear case for carrier-mediated trans- 
port for cisplatin cannot be made because accumulation of cisplatin is not saturable or 
inhibitable with structural analogs (35-39). Cisplatin has never been shown to be a 
substrate for the MDR-1 gene product, the multidrug resistance P-glycoprotein, or for the 
multiple resistance protein (MRP-1) (40). However, cells expressing high levels of canali- 
cular multispecific organic anion transporter (CMOAT, MRP-2) are resistant to cisplatin 
(41—43). The mechanism by which cMOAT, which is expressed primarily in liver, con- 
fers resistance to cisplatin is not clear. The expression of MRP-3, MRP-4, or MRP-5 does 
not confer resistance to cisplatin (44,45). 

DNA mismatch repair (MMR) plays an important role in maintaining the integrity of 
the genome and in repairing mispaired bases in DNA (46). The loss of DNA mismatch 
repair has been correlated with a decrease in the tendency of certain tumor cells to 
undergo drug-induced apoptosis after DNA damage, thus loss of DNA mismatch repair 
correlates with increased tumor cell survival and drug resistance (47,48). The loss of 
DNA mismatch repair correlates with acquisition of resistance to cisplatin as well as 
resistance to a wide variety of DNA damaging agents (47). Durant et al. (49) showed that 
Saccharomyces cerevisiae acquired resistance to cisplatin and carboplatin when DNA 
mismatch repair genes were inactivated. 


2. RADIOSENSITIZATION 


The greatest research effort on radiation sensitizers has focused on organic com- 
pounds; however, platinum complexes conform to the hypotheses for radiation sensitiz- 
ers since they are electron affinic and react preferentially with the hydrated electron in 
aqueous solution. Early studies of cisplatin in combination with radiation therapy sug- 
gested a synergistic effect in antitumor activity (50,51). Much of the initial data were 
obtained using cells in tissue culture (52), these data indicated that the potential of 
cisplatin to inhibit repair of radiation-induced damage to DNA could be an important 
contributor to the enhanced tumor cell killing seen in vivo by the combination of these 
two modes of treatment. 

Cisplatin was first characterized as a radiation sensitizer using hypoxic Bacillus 
megaterium spores (53). Radiation sensitization by cisplatin was confirmed in vegetative 
Escherichia coli with a maximum sensitizer enhancement ratio of 1.77 in anoxic bacteria 
at a cisplatin concentration of 50 uM (54). Zimbrick et al. (55) extended these studies to 
other platinum complexes. The earliest studies in mammalian cells used hypoxic V-79 
Chinese hamster cells and showed a small radiation sensitization with 8 uM of cisplatin 
(56). Nias and Szumiel (57) first reported that pretreatment of Chinese hamster ovary 
(CHO) cells with a platinum complex could sensitize well-oxygenated cells to radiation. 
Wodinsky et al. (58) showed that cisplatin potentiated the effect of whole-body radiation 
therapy in mice inoculated intraperitoneally with P388 leukemia compared with either 
modality alone. Therapeutic potentiation was found in MTG-B subcutaneous tumors 
and intracerebral RBT when the animals were treated with cisplatin and radiation (59). 
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Fig. 2. Potentiation of rat H4 hepatoma by 2.5 uM cisplatin present during the postirradiation 
incubation prior to assay for viability demonstrating inhibition of PLD recovery. Relative sur- 
vival of plateau phase cells irradiated with 7.5 Gy after incubation for different time periods or 
in the presence of cisplatin. Results have been corrected for drug toxicity. Adapted from Carde 
and Laval (154). 


These studies were followed by others that demonstrated the potential for therapeutic 
enhancement by combined cisplatin-radiation treatments with primary murine bladder 
cancer (60), EMT-6 mammary tumors and KHT and RIF-1 sarcomas (6/), and Lewis 
lung carcinoma (62). 

Preclinical studies identified two potential mechanisms for the increased tumor 
cell killing observed with the combination of cisplatin with radiation therapy (63,64). 
The first mechanism, radiosensitization of hypoxic cells, was characterized by the 
increase in the final slope of the radiation dose response curve for hypoxic cells (Fig. 1). 
The degree of radiosensitization was cisplatin concentration dependent and resulted in 
enhancement ratios of 1.0-1.3 after correction for the direct cell killing by the cisplatin. 
The second effect was observed as the inhibition of the repair of potentially lethal damage 
(PLD) (Fig. 2). When stationary phase cell cultures are irradiated, there is an increase in 
survival over time if the cultures stand unperturbed; there is a reduction in this survival 
when platinum complexes are added immediately following irradiation. Thus, cisplatin 
inhibits PLD repair. In some cell lines an abrogation of the shoulder of the radiation cell 
survival curve was observed. This reduction of the shoulder has been attributed to an 
inhibition of sublethal damage repair (SLDR) by cisplatin. Cisplatin free-radical-medi- 
ated sensitization may involve the ability to scavenge free electrons formed by the inter- 
action between radiation and DNA. This reduction of the platinum moiety from Pt(I]) to 
Pt(I) may stabilize otherwise reparable damage to DNA (64). 

Although cisplatin rose to a compound of major interest through its performance in 
laboratory studies, carboplatin emerged as promising as a second-generation platinum 
complex on the basis of promising early clinical trial data (65-68). Carboplatin was 
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Fig. 3. Radiosensitization of hypoxic V79 cells by 500 uM carboplatin compared to hypoxia 
without drug. The carboplatin data are corrected for cytotoxicity from the drug. Cells were ex- 
posed to carboplatin for 1 h at 37°C before irradiation. Adapted from Douple et al. (63). 


reported to be a radiation sensitizer of hypoxic V79 cells and CHO cells when the cells 
were exposed to 100—200 uM of carboplatin (69). Douple et al. (63) found an enhance- 
ment ratio (ER) of approx 1.8 when V79 cells were exposed to 500 uM of carboplatin for 
1h prior to and during irradiation. At a concentration of 500 uM, the surviving fraction 
from the carboplatin alone was 0.55 (Fig. 3). 

A supraadditive effect of cisplatin and radiation in murine tumors was first reported 
by Lelieveld et al. (70) using a mouse mammary tumor latency assay. The decrease in 
tumor cell survival with cisplatin administered 5 h prior to radiation therapy was approxi- 
mately two logs larger than expected for additive effects of the single agents. The effect 
was only obtained when the tumor was irradiated under hypoxic conditions (blood supply 
clamped off) and at high radiation doses. In some tumor models greater-than-additive 
effects were obtained with the combination of cisplatin and radiation therapy under 
normal conditions (unclamped) after correction for the drug activity effects; in other 
tumors supraadditivity of the combination treatment was less apparent (60, 70,71). In most 
cases, the greatest effects were obtained when the cisplatin was present in the tumor at 
the time of radiation delivery. In general, greater-than-additive tumor cell killing in vivo 
has been most reliably obtained when cisplatin has been administered along with frac- 
tionated radiation therapy (64). Analyses of preclinical data along with probability of 
interactions between cisplatin and radiation in the presence of DNA allowed predictions 
to be made of optimizing the scheduling of these treatments (73). 
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3. CLINICAL STUDIES: HEAD AND NECK CANCER 


Early clinical studies clearly demonstrated that cisplatin could be administered safely 
and concurrently with radiation therapy (73—75). Early clinical trials that demonstrated 
the promise of the combination of cisplatin and radiation therapy included the treatment 
of brain tumors (76,77), head and neck tumors (78), malignant melanoma (79), and 
bladder cancer (80). Early clinical trial integrating carboplatin administration with radia- 
tion therapy was carried out in patients with locally advanced nonsmall cell lung cancer 
(NSCLC) (81). A hypothesis put forth by Coughlin and colleagues (8/) was that the best 
clinical outcomes would be achieved with the combination of cisplatin and radiation 
therapy in tumors that were responsive to cisplatin. 

As a biomarker or surrogate marker, several groups developed methodology for mea- 
suring platinum—DNA adduct levels in clinical samples (82,83). These methods included 
ELISA assay (84), HPLC assay (85), and atomic absorption spectroscopy (82,86). Most 
platinum—DNA adduct determinations were made in nucleated peripheral blood cells but 
some were made in tumor biopsy material. Platinum—DNA adduct levels in peripheral 
blood cells correlated with disease response in advanced stage ovarian cancer, testicular 
cancer, and breast cancer (87—90). In a blinded Phase I study of the combination of 
cisplatin and carboplatin, a cohort of 49 patients including 24 different tumor types was 
assessed for platinum—DNA adduct level using atomic absorption spectroscopy (91,92). 
It was found that platinum—DNA adduct level after the first dose of chemotherapy was 
directly related to disease response, regardless of tumor type. Similarly, Schellens et al. 
(93) in a study of 45 patients who received cisplatin-based therapy, found that platinum— 
DNA adduct area under the curve (AUC) was directly related to a favorable clinical 
response regardless of tumor type. It is well recognized that cellular resistance to cisplatin 
is multifactorial; however, low levels of resistance have most frequently been associated 
with efficient DNA repair (92,94). 

The initial combination modality clinical studies with cisplatin and fractionated radia- 
tion therapy was carried out in head and neck cancer with weekly cisplatin (120-160 mg/m?) 
and conventional single daily fraction radiation (95). In a follow-up intergroup study, 
patients were randomized to radiation therapy alone or to radiation therapy plus 20 mg/ 
m?/wk cisplatin (96). Both studies showed no major increase in normal tissue toxicity in 
the radiation field and showed an increase in response rate. There was no increase in 
complete response rate or in survival. Bachaud et al. (97) carried out a randomized study 
comparing radiation therapy alone with concurrent cisplatin (50 mg/m?) and radiation 
therapy in postoperative patients. This trial produced a significant reduction in local 
recurrence and improved disease-free survival with 59% of the patients receiving the full 
planned dose of cisplatin. 

A study of 124 patients with unresectable head and neck cancer receiving cisplatin 
(100 mg/m?) every three weeks for three courses along with fractionated radiation therapy 
(66 to 73.8 Gy) was carried out by the Radiation Therapy Oncology Group (RTOG) (98). 
Although only 61% of the patients received the full planned dose of cisplatin, comparison 
of patient survival with historical controls from the RTOG database of patients suggested 
improved survival with the combination regimen for all patients and particularly for 
patients with nasopharyngeal cancer (99). 

Wheeler et al. (700,101) took another tack and treated patients with unresectable head 
and neck cancer with cisplatin (40 mg/m?) daily for 5 d per course for three cycles along 
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with radiation therapy (200 cGy/d) to a dose of 70 Gy. The first cycle of cisplatin was 
started on treatment d 1. Several studies evaluated cisplatin and 5-fluorouracil along with 
radiation therapy in head and neck cancer (102—106). In general, these clinical trials 
found increased local toxicity and significant numbers of patients did not complete the 
chemotherapy; however, there were higher response rates, greater frequency of histo- 
logic clearing of tumor, reduced locoregional recurrence rate, and decrease in deaths due 
to cancer. 

Later trials built on the early findings. Jeremie et al. (107) demonstrated improved 
survival and lower recurrence rates with the use of cisplatin and radiation therapy com- 
pared with radiation therapy alone in patients with stage III and IV disease. Similarly, 
Bachaud et al. (108) employed postoperative concurrent cisplatin and radiation therapy 
vs radiation therapy alone in a phase III study of stage III and IV disease. The 2- and 5-yr 
survival rates were 72% and 36% for the combination therapy and 46% and 13% for 
radiation therapy alone. In another phase III study of stage III and IV resectable disease, 
patients were treated with cisplatin and 5-fluorouracil and radiation therapy (1.8-2.0 Gy/ 
dto a total of 68 to 72 Gy) or radiation therapy alone (/09). The complete response rates 
were 76% for the chemoradiation combination and 50% for radiation therapy only. Brizel 
et al. (710) utilized hyperfractionated radiation therapy with or without concomitant 
cisplatin and 5-fluorouracil for locally advanced disease. The hyperfractionated schedule 
for the radiation alone patients was 125 cGy two times per day to a total of 75 Gy, while 
the patients on the combination therapy arm received 125 cGy to a total of 70 Gy. After 
3 yr of follow-up the patients in the chemoradiation therapy group had better overall 
survival (55% vs 34%), relapse-free survival (61% vs 41%), and control of local disease 
(70% vs 44%). Al-Sarraf et al. (711) studying advanced nasopharyngeal cancer patients 
compared radiation therapy alone with radiation therapy and concomitant cisplatin and 
adjuvant cisplatin and 5-fluorouracil, found 3-yr survival rates of 47% for radiation 
therapy alone and 78% for the combination treatment regimen. Robbins et al. (712) have 
reported their trial with intra-arterial supradoses of cisplatin (150 mg/m? weekly x 4) with 
radiation (66—74 Gy) in mainly stage IV disease and using sodium thiosulfate to neutral- 
ize the cisplatin. A complete response rate at local regional sites was 75% and an impres- 
sive 5-yr disease-free survival and an overall survival of 58% and 40%, respectively 
(113). Several phase III trials to find optimal dosing and delivery of cisplatin and radia- 
tion therapy are on-going (114,115). Recently, there have been two reports of improved 
outcome with concurrent chemoradiotherapy for advanced carcinoma of the nasopharynx, 
these are Cooper et al. (116,117) and Cheng et al. (718). Cheng et al. (718) studied 107 
patients with stage II, III, and IV nasopharyngeal carcinoma with 70 Gy administered in 35 
fractions (five fractions per week) along with two courses of chemotherapy consisting of 
cisplatin and 5-fluorouracil during treatment weeks 1 and 6 and for two additional monthly 
courses after completion of the radiation therapy. With a median follow-up of 44 mo, the 
5-yr survival rate overall was 84%, the disease-free survival was 74%, and the locoregional 
control rate was 90%. The overall 3-yr survivals were 100% for stage II patients, 93% for 
stage III patients, and 69% for stage IV patients. The disease-free 3-yr survival was 97% 
for stage II patients, 88% for stage III patients, and 52% for stage IV patients. 


4. CLINICAL STUDIES: LUNG CANCER 


A number of studies have evaluated treatment regimens including concurrent chemo- 
therapy and radiation therapy in patients with advanced local stage II nonsmall-cell lung 
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cancer (119). There were early nonsurgical trials that examined combinations of cisplatin 
or carboplatin with thoracic radiation (120). There have been several phase II trials 
evaluating concurrent platinum chemotherapy and radiation therapy as preoperative treat- 
ment (121-125). Thoracic irradiation was compared with cisplatin and concurrent radia- 
tion therapy in at least four randomized trials in stage II nonsmall-cell lung cancer by the 
early 1990s (126-129). Although the cisplatin regimens and radiation regimens varied, 
none of these clinical trials showed a significant survival benefit for the combined 
modality treatment vs radiation therapy alone. Schaake-Koning et al. (126), in a phase II 
study in patients with inoperable lung cancer, showed that the best improvement in 
survival occurred when cisplatin was administered daily with radiation therapy rather 
than weekly with radiation therapy (Fig. 4). 

The Southwest Oncology Group (SWOG) conducted a phase II trial with continuous 
thoracic radiation to a total dose of 61 Gy and simultaneous daily cisplatin (5 mg/m?) and 
found acceptable toxicity (130). Another trial utilized a split-course of thoracic radiation 
therapy to a total dose of 50 Gy and simultaneous daily continuous infusion cisplatin 
(5 mg/m?) and found a 35% 2-yr survival rate with relatively mild toxicity (131). Weekly 
doses of carboplatin were administered with continuous thoracic irradiation to a total 
dose of 60 Gy ina phase II trial that resulted in a 45% response rate (132). 

The earliest combination chemotherapy and radiation trials in nonsmall-cell lung 
cancer included cisplatin and 5-fluorouracil and concurrent radiation therapy and found 
survival results comparable to those for sequential chemotherapy and radiation or to daily 
cisplatin and radiation therapy without surgery (119,121). Phase II studies of stage Ia 
and IIb nonsmall-cell lung cancer patients treated with the combination of cisplatin with 
etoposide and 5-fluorouracil and either single daily radiation fractionation or twice daily 
radiation fractionation prior to surgery produced similar clinical results (779,121). Com- 
plete surgical resection was accomplished in 70% of the patients, the median survival was 
22 mo and the 2-yr survival rate was 45%. 


5. CLINICAL STUDIES: CERVICAL AND OTHER CANCERS 


Early studies of radiation sensitization involved comparisons of cisplatin and 5-fluor- 
ouracil and radiation therapy with hydroxyurea and radiation therapy carried out by the 
Gynecologic Oncology Group (GOG) for treatment of stages IIB to IVA disease 
(133,134). There have been several clinical trials testing cisplatin or cisplatin-based 
regimens with radiation therapy in locally advanced cervix cancer (135). A phase II trial 
of more than 70 patients with stage IB (bulky) to IVA cervix cancer received radiation 
therapy (external beam plus low-dose-rate brachytherapy) along with cisplatin to pro- 
vide radiosensitization and optimize the dose intensity of the cisplatin (/36—138). The 
cisplatin dose was 20 mg/m?/d x 5 every 3 wk to a total dose of 400 mg/m. Radiation 
therapy was designed to deliver 80 Gy to point A and 55 Gy to point B. In the initial 
follow-up report 91% of patients had complete responses. At 4 yr, more than 75% of 
stage IB to IIB patients were alive; however, only 25% of patients with stage III disease 
were alive with no plateau seen on the curve. Amifostine has been studied as a normal 
tissue protector with cisplatin and radiation therapy for treatment of locally advanced 
cervical cancer (135). The results of three phase II clinical trials have recently been 
reported showing an improvement in local control and survival in cervical cancer patients 
after concomitant cisplatin and radiotherapy (139-141). Santinet al. (742) examined the 
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Fig. 4. Local control and survival in inoperable lung cancer patients treated with RT alone, weekly cisplatin or daily cisplatin (155). 
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effect of therapy on the immune system of cervical cancer patients undergoing external 
irradiation and intracavity brachytherapy with or without concurrent cisplatin and found 
that administration of concurrent cisplatinum with radiation therapy may have synergis- 
tically increased cytotoxic effects of radiation on tumor cells but did not alter the mag- 
nitude or characteristics of the radiation-induced immunosuppression. The role of 
concurrent radiation therapy and chemotherapy consisting of 5-fluorouracil and cisplatin 
was explored in the treatment of local-regionally advanced vulvar cancer and results 
appeared positive (143). The combination of cisplatin or carboplatin and radiation 
therapy has been discussed for locally advanced prostate cancer (/44). Kaufman et al. 
(145) conducted a study of 34 patients to assess the safety, tolerance, and efficacy of 
transurethral surgery plus concomitant cisplatin, 5-fluorouracil, and radiation therapy 
in conjunction with selective bladder preservation in patients with muscle-invading 
bladder cancer. This protocol included high-dose hypofractionated radiation therapy 
and had a 67% complete response rate to induction therapy and a 66% three-year sur- 
vival rate with an intact bladder. 


6. CARBOPLATIN AND OXALIPLATIN 


Carboplatin, introduced in 1981, as an alternative to cisplatin has a similar activity 
profile but a very different toxicity profile to the original platinum complex (146-148). 
Carboplatin and cisplatin have been compared in numerous studies and, in general, the 
carboplatin-containing regimens were essentially equivalent to and less toxic than the 
cisplatin-containing regimens (146, 147). Belaniet al. (149) performed a study of concur- 
rent carboplatin and radiotherapy in patients with inoperable stage III nonsmall-cell lung 
cancer and achieved a response rate of 33%. Carboplatin with concomitant radiotherapy 
has been evaluated in head and neck tumors (/50). In this study 103 patients with advanced 
head and neck carcinoma treated with radiation therapy plus carboplatin (60-70 mg/m7/d, 
d 1-5 and 29-33) had 1-yr and 2-yr survival rates of 77% and 53%, respectively. 

Oxaliplatin (trans-L-diaminocyclohexane oxalate platinum IT) was selected for devel- 
opment based on preclinical antitumor activity in murine leukemia lines and in colon 
cancer models (151,152). The clinical development of oxaliplatin has been primarily in 
colorectal cancer alone and in combination with 5-fluorouracil. 


7. CONCLUSIONS 


Platinum complexes came to be anticancer agents through the serendipitious observa- 
tion and intellectual pursuit of that observation by Dr. Barnett Rosenberg. The preclinical 
data needed to support the passage of cisplatin and then carboplatin, oxaliplatin, and 
others into clinical trial was generated by the cancer research community very quickly. 
The preclinical support of the notion that platinum complexes could interact with ioniz- 
ing radiation in a manner that produced greater-than-additive cytotoxicity within the field 
of radiation exposure also moved quickly from the laboratory bench to clinical trial. Over 
the past 12—15 yr, the combination of a platinum complex and radiation therapy admin- 
istered concomitantly as a valuable therapeutic regimen has been well established in head 
and neck cancer and supported to lesser degrees in nonsmall-cell lung cancer, cervical 
cancer, and others. The future will likely bring combinations including growth factor 
inhibitors and antiangiogenic agents along with a platinum and radiation. These combi- 
nation regimens may broaden the applicability of platinum/radiation combinations. 
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1. INTRODUCTION 


The taxanes are a relatively new group of plant-derived chemotherapeutic agents that 
have been studied quite extensively in both preclinical studies and in clinical trials. This 
group of drugs, which includes paclitaxel (Taxol) and docetaxel (Taxotere), act as mitotic 
spindle inhibitors through their promotion of microtubule assembly and retardation of 
disaggregation. Paclitaxel is a natural product derived from the bark of the Pacific yew 
(Taxus brevifolia) whereas taxotere is a semisynthetic analog prepared from the needles 
of the European yew (Taxus baccata) (1). The taxanes as a group have had significant 
success in the treatment of solid tumors in the setting of both metastatic disease and 
adjuvant therapy as well as in locally advanced disease where they are combined with 
radiation in either a sequential or concurrent fashion. There are also several newer taxanes/ 
microtubule inhibitors that are under development that appear to have promising activi- 
ties in the completed preclinical studies. They include taxoltere metro (2), the epothilones 
(3), and the BMS compounds 184476 and 188797 (4). This chapter will provide an 
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PACLITAXEL (TAXOL®) DOCETAXEL (TAXOTERE®) 


Fig. 1. Chemical structure of the taxanes. The chemical structures of docetaxel and paclitaxel. 
From ref. 5. 


overview of the current status of the taxanes and their combination with radiation in the 
treatment of human malignancy through a review of the preclinical literature on the 
subject. It will then focus on the status of clinical practice with a look into the future and 
the place of taxanes at the start of the new millennium. 

Paclitaxel, which is the prototypic drug in this group, was originally found through a 
screening program at the National Cancer Institute where thousands of plant extracts 
were screened for activity (/). Both paclitaxel and docetaxel consist of a complex taxane 
ring structure with a four-member oxetan ring attached at C-4 and C-5 and a bulky ester 
side chain at C-13 (5) (see Fig. 1). The taxanes bind to the N-terminal 31 amino acid 
sequence of the beta-tubulin subunit of the tubulin polymers (6) at a site distinct from that 
of the vinca alkaloids, guanosine 5'-triphosphate (GTP), colchicines, and podophyllo- 
toxin (/). Its binding leads to the stabilization of tubulin polymers by shifting the dynamic 
equilibrium between tubulin dimers and the microtubules in favor of the polymerized 
state (7). Docetaxel has a significantly increased affinity for this binding site in compari- 
son to paclitaxel (8) and will also form polymers at a faster rate relative to paclitaxel. 
Although there is also in vitro suggestion that docetaxel more cytotoxic to cells in culture 
(9), this does not necessarily translate into greater clinical efficacy because this increased 
activity may also portend increased toxicity as well. 

Although taxanes bind to B-tubulin promoting microtubule polymerization and sta- 
bilization of the spindle complex, they serve to cause a sustained mitotic block at the 
metaphase/anaphase boundary. This block will occur at a lower concentration than that 
which is required to increase the microtubule mass (/0). However, it is not completely 
clear how this interaction with microtubules translates into cell death. Morphologic 
features and the characteristic DNA fragmentation patterns seen in the setting of apoptosis 
have been documented in tumor cells after therapy with taxanes (/0). These observations 
are accompanied by the phosphorylation of Bcl-2, an anti-apoptotic protein, changing the 
cellular balance between Bax and Bcl-2 to a status that favors apoptosis (11). 

Evidence has also come to light that suggests that cells containing p53 mutations are 
more sensitive to paclitaxel’s cytotoxic effects than those with wild-type copies of the 
gene (12-14). Wang et al. outline how the p53 status may impact on paclitaxel sensitivity 
in their review of paclitaxel induced cell death (/5). They suggest that: 
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1. The loss of p53-dependent G} arrest promotes the progression of cells to G/M phase 
where they are the target of mitotic arrest. 

2. With loss of p53 function, p21 WAF!/CIP! is no longer upregulated and is unable to help 
cells escape from their state of mitotic arrest. 

3. Wild-type p53 will downregulate the levels of microtubule associated protein 4 (MAP-4) 
so that, when p53 function is absent, the high levels of MAP-4 will stabilize microtubules 
and sensitize cells to paclitaxel therapy. 


The concentration of paclitaxel appears to be important in determining the exact 
apoptotic mechanism at work. When cells are treated with lower concentrations of the 
drug (10-100 nM), the mitotic spindle may be the only microtubule formation signifi- 
cantly affected, as it is more sensitive than other microtubule structures (/6). This 
altered spindle may lead to the triggering of mitotic spindle checkpoint genes that cause 
apoptosis (17,18). The use of high concentrations of paclitaxel (>200 nM) may lead to 
the induction of apoptosis independent from mitotic arrest, which may be an advantage 
in that this would allow for the targeting of growth-arrested tumor cells (15). 

The literature is also starting to show a significant volume of papers that concentrate 
on the possible mechanisms of paclitaxel resistance seen in tumors (/5). These include: 


1. Mutations in the amino acid sequence of §-tubulin that abolish the paclitaxel binding 
site (19). 

2. Upregulation of anti-apoptotic genes like Bcl-2 (20) and Bcl-X, (2/) or the 
downregulation of Bax (22). 

3. Increased drug efflux resulting from the increased production of mdr-1 (23) or other 
membrane pumps. 

4. Differential expression of tubulin isotypes (24). 

5. Capase mutations (25) in malignant cells. 


Ultimately itis increased understanding of the mechanisms that underlie taxane-mediated 
cell death that will allow for the development of improved therapies for malignancies. 


2. PHARMACOLOGY 


Both docetaxel and paclitaxel share several common pharmacological properties 
including large volumes of distribution (except for the central nervous system), long 
elimination half lives, rapid tissue uptake, and considerable hepatic metabolism involv- 
ing the cytochrome P-450 system (26). Docetaxel has linear pharmacokinetic behavior 
at clinically relevant doses (26) with avid serum protein binding and extensive tissue 
binding. Fecal excretion accounts for approx 80% of drug deposition and less than 10% 
is excreted renally (/). Although many of the characteristics of paclitaxel are similar to 
docetaxel, a notable difference exists at the pharmacokinetic level with nonlinear or 
saturable clearance. This has profound implications as increasing doses of the drug will 
disproportionately increase drug exposure. 

Both drugs are highly lipid soluble and as such are prepared and administered in 
dilutants (paclitaxel in Cremophor EL and docetaxel in polysorbate 80). Both medica- 
tions are normally administered with dexamethasone, H; and H, antagonists as 
premedications to decrease the incidence of the acute hypersensitivity reaction (HSR) 
(dyspnea with bronchospasm, urticaria, and hypotension) that has been observed to occur 
(1,27). Itis uncertain as to whether or not these vehicles may contribute to the incidence 
of the HSR. Myelosuppression is the limiting toxicity of both taxanes. Clinical studies 


68 MacRae and Choy 





with paclitaxel have shown that the severity of neutropenia correlates with the duration 
that the plasma levels are above 50-100 nmol/L (28). 

These drugs produce other notable toxicities including a peripheral neuropathy char- 
acterized by numbness, paresthesia, and a symmetric distal loss of sensation including 
proprioception, vibration, pinprick, and temperature effects in a “glove and stocking” 
distribution (7). Myalgias and malaise are also common peritreatment complaints. 
Paclitaxel has also been associated with cardiac rhythm disturbances, myocardial 
ischemia, and reversible alopecia. Docetaxel has been associated with skin toxicity in the 
form of a puritic maculopapular rash on the forearms and hands as well as alopecia, nail 
changes, and stomatitis that is seen more frequently than with paclitaxel. Docetaxel has 
also been found to cause a unique fluid retention syndrome characterized by edema and 
third spacing of fluids including pleural effusions and ascites. The use of prophylactic 
steroid therapy and lower single doses appears to have decreased the incidence and 
severity of this side-effect (J). 

Both of the taxanes have become integral to the treatment of several malignancies 
including: breast cancer (29-31), ovarian cancer (29,32), nonsmall-cell lung cancer 
(NSCLC) (29,33), and bladder cancer (34). The combination of paclitaxel and carboplatin 
was the preferred first-line regimen for all stages of NSCLC by the majority of medical 
oncologists (55%) in a recent survey undertaken by investigators from Vanderbilt Uni- 
versity (35). The recent approval of taxotere as second-line therapy for NSCLC (36) is 
also tribute to the impact of these drugs in the most common malignancy encountered in 
the developed world. The substantial impact that these drugs have had in advanced 
malignancies in combination with their unique radiosensitizing properties has lead to the 
interest that exists in the exploration of their concurrent use with radiation in locally 
advanced disease. 


3. RADIOSENSITIZING ABILITIES OF THE TAXANES 


The taxanes act to cause cells to arrest their progression through the cell cycle at the 
G2-M phase. This is of significant interest because this is exactly the point in the cell cycle 
where cells are more sensitive to the lethal effects of ionizing radiation (37). Taxanes also 
act to induce programmed cell death. Milas et al. have looked at the relationship among 
mitotic arrest, apoptosis, and the antineoplastic activity of paclitaxel in 16 murine tumors 
(38). Using a single dose of paclitaxel of 40 mg/kg, mitotic arrest was induced in all 
tumors in varying degrees, however, apoptosis was induced in only 50% of tumors. 
The antitumor efficacy of paclitaxel correlated best with mitotic arrest as quantitated by 
absolute growth delay. This study also showed that the pretreatment levels of apoptosis 
correlated with both paclitaxel-induced apoptosis and tumor growth delay. Therefore 
both pretreatment apoptotic rate and paclitaxel apoptotic rate could potentially act as 
predictors of the response to paclitaxel. 

The major rationale for combining a taxane with radiation relates to the induction of 
acell cycle block at the G,/M point where cells are more sensitive to the damaging effects 
of radiation. Tishler reported an enhancement factor of 1.8 when human astrocytomas 
cells were incubated with paclitaxel for 24 h prior to receiving radiation (39). Choy et al. 
have reported on paclitaxel’s sensitizing effects in a human lung cancer cell line, HL-60, 
finding a slightly lower enhancement ratio, 1.48 (40), using a 1-h exposure of paclitaxel 
at a concentration of only 3.0 x 10° (see Fig. 2). It is important to note that in all studies 
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Fig. 2. The radiation sensitizing effects of paclitaxel and concurrent ionizing radiation in a human 
lung cancer cell line, HL-60. From ref. 40. 


performed examining the radiosensitizing abilities of paclitaxel a range of interactions 
have been demonstrated, from supraadditivity to additivity to as little as sub-additive 
results (38). These results have also demonstrated that not all tumor cell lines are sensi- 
tized to the effects of ionizing X-ray therapy (XRT) by taxanes and the exposure time to 
the drug is likely equally, if not more important than the concentration of the drug in 
achieving radiosensitization. 

In most studies where a supraadditive interaction was seen, cells were incubated 
with the drug prior to irradiation (38). In general the use of moderate concentrations (5— 
100 nmol/L) of paclitaxel in the culture medium for over 24 h lead to maximum sensi- 
tization. Most studies used actively proliferating cells in order to conduct their 
experiments and most investigators reached the conclusion that maximal radio- 
sensitization occurred when cells were arrested in G, and M, as this part of the cell cycle 
is the most sensitive to radiation damage. This assumption does, however, presuppose 
that the majority of the G/M arrested cells will not die unless they are exposed to ionizing 
XRT. Plateau phase, i.e., nonproliferating, cells were found to be sensitized to radiation 
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by paclitaxel albeit to a lesser extent than actively proliferating cells, so other mecha- 
nisms must also be involved (38). 

Other suggested mechanisms for the increased radiosensitization seen with both 
paclitaxel and docetaxel include an increased alpha component of DNA damage and the 
fact that docetaxel is toxic for S-phase cells that are maximally radiation resistant (4/,42). 

Certain other conditions are associated with only an additive or even a subadditive 
response when taxol is combined with radiation (38). These conditions include: 


1. Paclitaxel-mediated G, arrest, which creates a more resistant subpopulation of cells that 
counteracts the effects of a G,/M block. 

2. Paclitaxel-induced cell cycle effects like G,/M block in cells destined to die before 
irradiation. 

3. Incubation conditions, timing of the addition of drug or drug concentrations that are 
insufficient to exert cellular effects. 


Although there is less literature on the effects of docetaxel in combination with radia- 
tion, it also appears to be a powerful radiosensitizer. Among the reports is data from 
Amorino et al. (43) who looked at the enhancement of radiation effects by the combina- 
tion of docetaxel and carboplatin in vitro. H460 large cell lung carcinoma cells were 
incubated with docetaxel and paclitaxel with or without carboplatin and were then irradi- 
ated. The most impressive results were found with the combination of docetaxel 
(25 nM) and carboplatin (100 uM), which gave a dose enhancement ratio of 1.55. 
The dose enhancement ratio for the combination of paclitaxel and carboplatin (100 uM) 
was in the same range at 1.50. Creane et al. (44) looked at the effect of docetaxel on 
radiation response in three different cell lines that have widely different responses to 
radiation alone. Their experiments indicated that docetaxel had the greatest cytotoxic 
and radiosensitizing effect on the SW48 (p53) cell line. The degree of radiosensitization 
was not improved by increasing the drug concentration despite the fact that higher doses 
of drug were more cytotoxic. Both of the other cell lines (HT 29 and SW48), which carry 
mutant p53, were less sensitive to the effects of docetaxel even though their malignant 
potential is different. The authors conclude that a functional p53 gene product is essential 
for sensitizing effects of docetaxel to be seen and that its increased lethality is likely 
related to increased apoptotic potential in more sensitive cell lines. 

Milas et al. (45) have published data looking at the efficacy of docetaxel on the 
therapeutic ratio of fractionated radiotherapy in vivo using MCa-4 mammary adenocar- 
cinoma (prototype docetaxel-sensitive tumor) and SCC-VII squamous cell carcinoma 
(prototype docetaxel-resistant tumor) xenografts. In this set of experiments the investiga- 
tors looked at two different delivery schemes for the docetaxel with radiotherapy: 
a single bolus (33 mg/kg) 24h before 5 d of fractionated radiotherapy and daily delivery 
of docetaxel (8 mg/kg) with radiation delivered at the peak of mitotic arrest (9 h for MCa-4 
cells and 6h for SCC-VII tumors). They found that the best schedule for the two cell lines 
was different; the MCa-4 tumors responded better with a single dose of the drug, while 
the SCC-VII responded better to daily drug administration. Enhancement factors were 
2.04 and 2.0 for each tumor type respectively. The authors also reported that the final 
therapeutic gain of the daily docetaxel was reduced because of increased normal tissue 
effects using normal mouse jejunal cells as a model. It was suggested that the enhance- 
ment seen in the docetaxel-sensitive tumor was related to an additional increase in 
reoxygenation of hypoxic tumor cells with each fraction beyond what reoxygenation was 
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caused by the direct cytotoxic effects of the drug on its own. They felt that a similar 
phenomenon might be taking place in their docetaxel-resistant tumor model, only that the 
reoxygenation effect was greater with daily administration of the drug. Their conclusions 
were that there is room for greater individualization of therapy in the future and this 
should be based on correlates including pretreatment levels of apoptosis in a tumor, 
assessment of its oncogene status including p53, Bax, and Bcl-2, or changes seen in these 
parameters seen within 1-2 d after treatment with the drug. 

In an excellent review of the literature on the interaction between radiation and the 
taxanes, especially looking at the effects of paclitaxel, Milas et al. (38) outline how they 
came to realize that reoxygenation played such a substantial role in the potentiation of 
tumor radioresponse. It has been well established for years that tumors contain areas of 
hypoxic cells that are normally 2.5 to 3 times less sensitive to radiation than normal cells 
(37). Both radiation and chemotherapies can cause reoxygenation through their preferen- 
tial killing of those oxygenated cells that are located close to blood vessels. Milas et al. 
summarized observations that showed: 


1. Massive loss of tumor cells though the apoptotic pathway was restricted to the perivas- 
cular region. 

2. Radioenhancement occurring during this period of cell loss became even more impres- 
sive when apoptotic cells were removed from the tumor (38). 


Experiments in which tumor xenografts were treated with paclitaxel and radiation in 
hypoxic and noroxic conditions were pursued (46). It was found that the creation of 
hypoxic conditions greatly reduced the efficacy of paclitaxel in its enhancement of 
radioresponse. Measurements of tumor oxygenation using Eppendorf histographs con- 
firmed that the median tumor PO, increased from the control value of 6.8 mmHg to 
10.5 mmHg at 24 h to 31.2 mmHg at 48 h after paclitaxel treatment. In the same vane, 
Milas et al. (46) documented that the percentage of hypoxic cells was decreased from 
32% in untreated tumors to 4%, 2%, and 1% at 9, 24, and 48 h after drug administration. 
In combination with reoxygenation, the induction of apoptosis and the induction of 
mitotic arrest in G,-M phase leads to the radiosensitization that is associated with con- 
current use of the taxanes. 

Importantly, an agent that attempts to enhance the therapeutic ratio must be able to 
selectively enhance the effect on tumors more compared to the enhancement that occurs 
in normal tissues. Like most chemotherapy agents those tissues at greatest risk are those 
with a rapid turnover time, such as the normal gastrointestinal mucosa and the skin. When 
looking at jejunal crypt cells it was seen that at the peak of mitotic arrest there was a slight 
enhancement of radiation effect with a relative enhancement ratio of 1.07 at the 
10-surviving cell isoeffective dose, however, by the time that 24—96 h had passed, there 
was a Slight radioprotection that occurred with paclitaxel administration in concert with 
radiation (47). Similar results are seen with the concurrent administration of docetaxel 
(45). The authors suggest that the radioprotection seen is related to the rapid regeneration 
of epithelial cells after their initial depletion by the taxanes because of a shortening of 
their cell cycle or a recruitment of noncycling cells. 


4. APPLICATION IN THE CLINIC 


These preclinical works with the taxanes have now lead to the clinic where experience 
has shown that concurrent radiation and paclitaxel or docetaxel leads to impressive 
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response rates in several solid tumor types (48—50). The large bulk of experience has been 
acquired with locally advanced nonsmall-cell lung cancer and advanced head and neck 
primary cancers where protocols have integrated both taxanes with concurrent radiation 
to improve responses and outcomes. Ongoing research continues in order to refine the 
administration, sequencing, and integration of these agents with other chemotherapies, 
new biological response modifiers and radiation therapy. 


5. NONSMALL-CELL LUNG CANCER 
5.1. Paclitaxel 


There have been several different phase I trials that have examined the concurrent 
administration of radiation with taxol-based chemotherapy. Interestingly, the timing of 
administration of taxol has been fairly extensively explored in the phase I setting with: 
a 7-wk continuous infusion of taxol (51), daily dosing (52), twice weekly dosing (53), 
weekly dosing (54,55), dosing every 2 wk (56), dosing with three weekly cycles (57), 
and a 120-h (5-d) continuous infusion repeated every 3 wk during the course of radia- 
tion therapy (58). 

In a series of trials conducted during the mid to late 1990s Choy et al. examined the 
activity of taxol and radiation delivered in a concurrent fashion to patients with locally 
advanced NSCLC (54,59-6/). In the initial phase I experience, paclitaxel was admin- 
istered as a 3-h intravenous (iv) infusion, repeated every week for 6 wk with concurrent 
thoracic radiation to a total dose of 60 Gy (54). The starting dose of paclitaxel was 
10 mg/m? with escalation in 10-mg/m? increments until the maximum tolerated dose 
(MTD) of 60 mg/m?/wk was reached. The major acute toxicity was found to be revers- 
ible esophagitis. In a subsequent phase II trial (LUN-27) (59) 33 previously untreated 
patients with unresectable stage III A or B NSCLC received 60 mg/m? weekly for 6 wk 
with concurrent thoracic radiation. Of the 27 evaluable patients there was a 76% overall 
response rate (3 CRs and 22 PRs) and the 1-, 2-, and 3-yr survivals were 61%, 33%, and 
18%. Reversible esophagitis was once again the major acute toxicity, however, it was 
felt to be manageable. 

Choy et al. have published two further phase II trials of concurrent paclitaxel and 
carboplatin. In both trials the two drugs were administered weekly with paclitaxel at a dose 
of 50 mg/m? and carboplatin at a dose of 2 AUC. The first of these trials, LUN-56 (60), 
combined these two drugs with once daily radiation to a dose of 66 Gy and the second trial, 
LUN-63 (6/), used hyperfractionated radiation to a total dose of 69.6 Gy directed at the 
primary tumor. They have shown similar promising results in patient populations where 
70% have stage IIIB disease. LUN-56, which enrolled 40 patients, showed a 76% response 
rate and 1-, 2-, and 3-yr median survivals of 54, 46, and 32%; 43 patients were enrolled 
on LUN-63. In this trial there was a 79% response rate and a median survival of 14.3 mo. 
Encouraging 1- and 2-yr survivals of 61% and 35% were seen. 

Certainly these three phase II trials performed at Brown and Vanderbilt Universities 
have shown promising results in terms of response rate, median survival, and 1- and 2-yr 
survivals (Table 1). Esophagitis has been the major acute toxicity seen in these trials. 
When using RTOG criteria, the rate of grade 3/4 esophagitis in the three phase II trials 
was 17%, 25%, and 26%, respectively (63). While these rates of esophagitis are signifi- 
cant and certainly higher than the rate seen when treating with radiation alone, the symp- 
toms are manageable and they appear to be restricted to the acute setting. On multivariate 
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Table 1 
Outcomes in Three Phase II Trials 
of Paclitaxel-Based Chemoradiotherapy for Locally Advanced NSCLC 


Choy (59) Choy (60) Choy (61) 

LUN-27 LUN-56 LUN-63 
Evaluable patients 33 39 43 
Response rate (%) 76 76 79 
Median survival (months) 20 20.5 14.3 
2-yr survival (%) 36 46 35 
Local recurrence only (%) — 29 35 
Local and distant recurrence (%) — 21 10 
Distant recurrence only (%) — 50 55 
Brain only recurrence (%) — 71 45 


Patterns of failure data is not available for LUN-27. 


analysis there was no significant correlation between esophageal toxicity and gender, 
histology, length of esophagus in the primary or boost fields, and disease stage. Perhaps 
more interesting are the data collected from the LUN-56 and -63 trials on the patterns of 
failure. Local recurrence is the site of first failure in approx 30-35% of cases. Of those 
with distant metastatic disease with no apparent local recurrence, 55% are failing in the 
brain. This result correlates with the results of other studies and certainly raises the 
prospect of prophylactic cranial radiation to decrease this rate of distant relapse further. 

Lau et al. have reported on their experience of administering radiation with taxol dosed 
twice a week for locally advanced nonsmall-cell lung cancer (53). Their phase II trial was 
conducted combining low-dose radiosensitizing chemotherapy with concurrent radia- 
tion followed by consolidation chemotherapy (62). The induction chemoradiation con- 
sisted of paclitaxel, 30 mg/m? iv over 1 h, twice weekly for 6 wk; carboplatin, AUC of 
1.5, weekly for 6 wk; and concurrent daily thoracic radiation for a total of 61 Gy. 
The consolidation chemotherapy consisted of two 21-d cycles of paclitaxel 200 mg/m? 
over 3 h and carboplatin AUC = 6. With the last report of their data, 34 patients had been 
enrolled. The overall response rate was 71%. With a median follow-up of 20 mo, the 
median survival was 20 mo and 2-yr actuarial survival was 40% (95% CI: 20% to 65%). 
The authors have concluded that this regimen is quite promising and as such it will be 
compared with a standard cisplatin/etoposide/radiation regimen for stage IHI NSCLC in 
a SWOG phase III trial. 

Socinski et al. have reported on their phase I/II experience with dose-escalated 
thoracic radiation in the setting of a combined modality approach to locally advanced 
NSCLC (55,64). Two cycles of carboplatin and paclitaxel (AUC 6 and 225 mg/m?/3h 
q21d) were followed on d 43 by weekly carboplatin and paclitaxel (AUC 2 and 45 mg/ 
m?/3h x 6) and thoracic radiotherapy (TRT), 50 Gy was delivered to the prechemo- 
therapy tumor volume and areas of suspected microscopic spread in the mediastinum 
with a 1.0-2.0 cm margin. Boost volumes included the primary tumor volume and all 
radiographically positive nodes with a 1.0 cm margin. The total dose of radiation was 
escalated through four cohorts of patients 60, 66, 70, 74 Gy without reaching any of the 
planned toxicity endpoints. The overall response to the therapy was 50% (3% CR, 47% 
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PR) and median survival was 26 mo. The 3-yr survival probability is 0.47 (64). Because 
dose escalation was limited to 74 Gy without reaching a maximally tolerated dose, a 
further trial is underway to find the true MTD of dose-escalated thoracic radiation with 
concurrent carboplatin—paclitaxel-based chemotherapy. 

The CALGB has reported on a randomized phase II trial of induction chemotherapy 
followed by concurrent thoracic radiation and platinum-based chemotherapy (65) with 
the purpose of examining the activity of three of the newer chemotherapeutic agents— 
gemcitabine, paclitaxel, and vinorelbine—in the setting of locally advanced NSCLC. 
Patients in arm 2 received concurrent cisplatin and paclitaxel and thoracic radiation after 
two induction cycles of chemotherapy with the same drugs. The paclitaxel—cisplatin arm 
had aresponse rate of 64% and a median survival of 14.7 mo. While this trial may not have 
delivered paclitaxel in an optimal fashion to achieve maximal radiosensitization, it does 
reveal that the use of paclitaxel in this patient population is a very reasonable treatment 
strategy. Further ongoing phase II and III trials should prove helpful in evaluating 
paclitaxel’s efficacy in this treatment setting. 


5.2. Docetaxel 


There is certainly less data available on the role of concurrent docetaxel with radia- 
tion in the treatment of locally advanced nonsmall-cell lung cancer. Koukourakis et al. 
(66) have reported on their phase I/II experience of administering radiation con- 
currently with docetaxel for stage IIB NSCLC. In the phase II portion of their study, 
30 mg/m? of docetaxel was given weekly with concurrent 64 Gy of thoracic radiation. 
Esophagitis was the main side effect of the regimen wherein 17% of patients needed 
a two-week treatment delay and another 31% of patients required minor delays (3-7 d). 
Thirty-five patients were enrolled and evaluable, and the overall response rate was 
80% (34% CR). The median survival was 12 mo, and 1-yr survival rate was reported 
as being 48%. 

Aamdal et al. (67) investigated the role of docetaxel in concurrent chemoradiotherapy 
in locally advanced NSCLC in another phase I/II study. The maximally tolerated dose of 
docetaxel delivered with chest radiation was 40 mg/m”. In the phase II study, 33 patients 
were treated with weekly docetaxel (30 mg/m*/d) concurrent with only 50 Gy of thoracic 
radiation. With 24 evaluable patients, the overall response rate was 62.5%. With 9 mo 
follow-up, the median survival time was 13.6 mo, and the 1-yr survival rate was 59.4%. 
Choy et al. (68) and Murakami et al. (69) have performed phase I studies as well. The 
major difference here was that these investigators chose to examine the role of weekly 
docetaxel/carboplatin delivered concurrently with radiation in stage IHI NSCLC. Using 
20-40 mg/m? of docetaxel and 1-2 AUC of carboplatin weekly, they achieved overall 
response rates of 62% and 92%, respectively. Similarly, Segawa et al. (70) have reported 
on their phase I-II experience with concurrent docetaxel plus cisplatin with thoracic 
radiation. Using their recommended weekly dose of 40 mg/m? docetaxel and 40 mg/m? 
cisplatin, 33 patients were enrolled to yield an overall response rate of 70%. Their two- 
year survival was quite respectable at 41%. Nyman et al. (7/) conducted a phase II trial 
in stage III NSCLC where docetaxel and cisplatin were also delivered concomitantly with 
thoracic radiation. Patients received an initial two courses of induction systemic docetaxel 
(75 mg/m?) and cisplatin (75 mg/m”), and the third course was given concomitantly with 
radiotherapy. With 24 evaluable patients, an overall response rate of 79% was achieved 
as was a 2 yr overall survival of 43%. 


Taxanes in Combined Modality Therapy 75 





The oncology community in the United States appears to have embraced the use of 
paclitaxel in combination with concurrent thoracic radiation in the treatment of NSCLC. 
Investigators from Vanderbilt University recently reported the results of an American 
practice pattern survey for nonsmall-cell lung carcinoma for the year 1997 (35). They 
found that in the setting of nonmetastatic disease, 45% of respondents preferred 
paclitaxel—carboplatin chemotherapy as the drugs of choice with concurrent or sequential 
radiotherapy. This certainly reveals that a large number of physicians are choosing 
paclitaxel-based therapies for locally advanced NSCLC based on its toxicity profile and 
phase II evidence. However, itis unlikely that either a paclitaxel- or docetaxel-containing 
regimen will perform significantly better than the other in the combined modality treat- 
ment of unresectable stage III NSCLC. As many of the large cooperative oncology groups 
are incorporating paclitaxel-based regimens into their new trials it would seem that 
taxane-based therapy has come to stay. 


6. SMALL-CELL LUNG CANCER 


The concept of delivering concurrent chemoradiation has long since been established in the 
therapy of limited-stage small-cell lung cancer. It has been shown to contribute to both local 
control and survival in two meta-analyses (72,73). Standard therapy includes the concurrent 
delivery of thoracic radiation with either the first or second cycle cisplatin—etoposide chemo- 
therapy (74, 75). With the advent of a newer generation of chemotherapeutic agents, investi- 
gators have hoped that their incorporation into treatment regimens may allow the cure rates 
to be pushed beyond their current 20-25% range for limited stage disease. 


6.1. Paclitaxel 


At present there is no published data looking at the addition of docetaxel to regimens 
that attempt to treat limited-stage disease. However, there are some early data that are 
now available looking at the contribution of paclitaxel administered in a concurrent 
fashion in this disease (76). In one of the only publications on the subject, Levitan et 
al. (77) outline their experience with a multi-institutional phase I/II trial of paclitaxel, 
cisplatin, and etoposide with concurrent radiation for limited-stage small-cell lung 
carcinoma. In this treatment schema the radiation was delivered concurrently with the 
first two cycles of chemotherapy (where the paclitaxel escalation occurred) for a total 
dose of 45 Gy (1.8 Gy/fraction for 5 wk) and then a further two cycles of chemotherapy 
of fixed dose were delivered. The maximally tolerated dose of paclitaxel was found to 
be 135 mg/m? in the concurrent phase. If one includes patients treated on both the phase 
I and II sections of the trial, the overall response rate was 96% (complete responses, 
39%; partial responses, 57%). After a median follow-up period of 23 mo (range, 9-40 
mo), the median survival time was 22.3 mo. Hainsworth et al. (78) also reported on 
patients treated with two different doses of paclitaxel, carboplatin, and etoposide for 
small-cell lung cancer. Those patients who had limited-stage disease also received 
thoracic radiation therapy (1.8 Gy/d; total dose, 45 Gy) administered concurrently with 
courses three and four of chemotherapy. The overall response rate was 98%, with 71% 
complete responses and the median survival time had not been reached at 16 mo of 
follow-up. In general this was well-tolerated therapy with the predictable levels of 
grade 3—4 toxicities including myelosuppression, esophagitis, and febrile neutropenia. 
Finally Bremnes et al. (79) have also looked at the addition of paclitaxel to cisplatin/ 
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etoposide chemoradiation therapy. They have seen a 95% response rate (80% CR, 15% 
PR) in a population of 20 patients in the results that have been reported. This trial is 
ongoing. The results of phase II trials done by the RTOG and ECOG looking at the 
addition of paclitaxel to platinum, etoposide, and thoracic-radiation-based protocols 
are awaited. 


7. BRAIN TUMORS 


Early on it was felt that the addition of a taxane to current radiation-based treatment 
regimens could potentially have significant bearing on the outcome of therapy for 
malignant gliomas, which are associated with a discouraging local control rate and 
poor long-term survival. This early enthusiasm was based in part on its demonstrated 
activity in a wide variety of solid tumors including in vitro and in vivo evidence of 
enhancement of radiation effects in primary brain tumors (48,49, 80). 


7.1. Paclitaxel 


Glantz et al. from Brown University undertook a phase I dose-escalation study of 
weekly administration of paclitaxel with concurrent radiotherapy in patients with newly 
diagnosed glioblastoma multiforme (GBM), anaplastic astrocytomas, and astrocytomas 
(81,82). Their trial revealed the surprising result of a dose escalation from 20 mg/m?/wk 
to 275 mg/m7/wk. The authors found that the MTD was 250 mg/m?/wk with a limiting 
peripheral sensory neuropathy and recommended that 225 mg/m?/wk be used in phase II 
trials. While 60 patients received at least one dose of the drug, 56 received all the planned 
doses. On analysis of patient outcome it was seen that survival varied according to 
histology as would be predicted, however, within the GBM group only, the performance 
status and patient age were predictors of outcome in a proportional hazards analysis. Also 
tempering this early enthusiasm for combination therapy in this tumor site was analysis 
of the cerebrospinal fluid (CSF) concentrations in patients receiving concurrent treat- 
ment (83). Investigators found that in human subjects the CSF concentrations never went 
above about 8% of the plasma concentrations, and although this appeared disappointing, 
they also presented data that no quantifiable amount of paclitaxel could be found in either 
normal rat brain, or in malignant tumors in the brains of four rats studied. The authors did 
caution that doses of paclitaxel lower than that detectable by HPLC were able to give rise 
to sensitization of some tumor cell lines and therefore they could not rule out a real effect 
of the paclitaxel on the tumor. 

Lederman’s (84,85) results from his retrospective analysis of patients with recurrent 
GBMs treated with fractionated stereotactic radiation and weekly paclitaxel are en- 
couraging. The reported median survival of 14.2 mo is significantly better than histori- 
cal controls treated with single fraction radiosurgery alone. This result, while 
encouraging, is fraught with selection bias. Table 2 shows the results of several phase 
II series of primary brain tumors treated with concurrent paclitaxel and radiation, none 
of which are very encouraging for their outcome improvements. Follow-up on Glantz 
et al.’s original experience has reported on 12 patients who underwent a second surgery 
due to symptoms and an enlarging mass on MRI (86). Pathological examination of 
these patients’ surgical specimens revealed evidence of radionecrosis many weeks 
earlier than would have otherwise been anticipated. While the radionecrosis stands as 
proof of principle that paclitaxel was causing some radiosensitization in the brain, its 
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Table 2 
Concurrent Paclitaxel and Radiation for Primary Malignant Brain Tumors 
Number 

Study Design of patients Toxicities Response 

RTOG (87) Phase II 62 enrolled 4 hypersensitivity 23% CR/PR 
(225 mg/m? with 91% 4 late sensory 9.7 mo median 
weekly) receiving Rx neuropathy survival 

Julka (88) Phase II 18 enrolled Neuropathy 1 yr survival of 70% 
(60 mg/m? 
weekly) 

Fountzilas (89) Phase II 33 enrolled Alopecia 36% CR/PR 
(100 mg/m Hematological 10.7 mo median 
weekly) survival 


lack of specificity between tumor and normal tissue illustrates that its potential in 
providing a long-term curative option that allowed for a good quality of life is limited. 


7.2. Docetaxel 


The experience with docetaxel in the setting of concurrent treatment of primary brain 
neoplasms is restricted. There were no responses noted in 18 patients with recurrent 
malignant gliomas treated with 75—100 mg/m? of docetaxel alone (90). A case report of 
no effect in an individual with leptomeningeal disease is also discouraging (9/). A soli- 
tary study from Greece has shown that nine patients with GBMs treated with 
hyperfractionated radiation and concurrent twice-weekly docetaxel (up to 23 mg/m? with 
each dose) did not yield a response better than historical controls (92). Overall the litera- 
ture would suggest that the benefit from a combination of radiation and a taxane for the 
treatment of a malignant brain tumor appears to be trivial at best. 


8. GENITOURINARY CANCERS 


Traditionally carcinoma of the bladder has been treated by radical cystectomy in the 
United States. There is, however, an emerging interest in organ preservation as seen in 
other disease sites (93). Certainly the experience from trials including a phase III trial that 
was not powered to detect a survival difference, is that combined chemoradiation usually 
using a cisplatin-based chemotherapy regimen and concurrent radiation leads to increased 
levels of local control (94). 


8.1. Docetaxel 


Vaverais and the group from Greece (95) have looked at the administration of primary 
chemoradiation following maximal transurethral resection of bladder tumors within 4 wk 
by weekly cisplatin (30 mg/m”) and docetaxel (40 mg/m?) and total 65.2—74 Gy. A total 
of 37 of 42 enrolled patients received treatment and with a median follow-up of over 
2 yr the survival was 78% and the pelvic control rate was 75%. During the trial the 
significant rate of myelotoxicities seen lead to a dose reduction in the docetaxel to 
20 mg/m?. Chronic toxicities included low-grade cystitis and four of the treated patients 
were later identified to have contracted bladders although the severity of the condition 
and the need for surgery is not reported. 
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8.2. Paclitaxel 


A similar small phase II trial from Germany has reported on seven patients receiving 
concurrent chemoradiation for transitional cell carcinoma of the bladder with cisplatin 
and paclitaxel (96). The authors conclude that this combination is at least feasible given 
an acceptable acute toxicity profile and reasonable efficacy. Another small series is 
reported by Nichols et al. (97) where eight patients received radiation with concurrent 
paclitaxel and carboplatin in an attempt at bladder preservation. Three of the patients 
remain free of distant metastases, and local recurrence has occurred in three. 

The lack of data reinforces the need to conduct randomized trials in the area of carci- 
noma of the bladder, and given the radiosensitizing action of the taxanes, they are worthy 
of consideration in these protocols. The RTOG phase I/II trial looking at concurrent 
cisplatin, paclitaxel, and hyperfractionated radiation with selective bladder preservation 
and adjuvant chemotherapy is ongoing and it may serve as the basis for future randomized 
trials in the area (98). 


9. GYNECOLOGICAL CANCERS 


The experience with either of the taxanes in the combined modality setting with any 
of the gynecological tumors is limited. With the relatively recent publication of several 
landmark trials showing that concurrent cisplatin based chemotherapy improves survival 
in cervical cancer (99-101), the door would appear to be open to try and improve upon 
those results with the addition of paclitaxel or possibly by decreasing the side-effects of 
concurrent treatment by reducing or replacing the cisplatin. The current literature con- 
tains information on three trials looking at the role of paclitaxel in combined modality 
treatment; there is no data looking at the addition of docetaxel to radiation in a setting of 
cervical cancer or any other gynecological malignancy for that matter. Chen et al. from 
the University of Minnesota (/02) looked at the addition of weekly paclitaxel to concur- 
rent cisplatin (30 mg/m?) and pelvic radiation in a phase I trial. They escalated the dose 
to 50 mg/m? and found that the combination was well tolerated with a 93% response rate 
in 16 patients. Toxicity was minimal with only one case of grade HI neutropenia and 
nausea, vomiting, and diarrhea requiring rehydration in two patients. Two Italian trials 
have also added paclitaxel to concurrent radiation in the treatment of cervix cancer. 
Bruzzone et al. (103) gave 50 mg/m? every 15 d for four cycles with 50 Gy of external 
beam radiation and an external or intracavitary boost to eight patients. Overall they 
concluded that the treatment is well tolerated and are planning to pursue this with more 
aggressive chemotherapy to follow combined paclitaxel/radiation. De Palo et al. (104) 
gave concurrent weekly paclitaxel (40 mg/m”) with radiation to 14 patients with de novo 
or recurrent disease. There have been responses in 9 of 14 patients with very acceptable 
toxicities. Currently, the Gynecologic Oncology Group has two ongoing phase I/II trials 
(105,106) looking at the addition of paclitaxel to concurrent cisplatin and radiation in 
patients with cervix cancer and the second trial more specifically addresses the addition 
of paclitaxel to cisplatin and extended field radiation in those patients with proven 
paraortic micrometastases (/06). These regimens may form the basis for future random- 
ized trials in cervical cancer if they do not trigger excessive morbidity. 

There is also a single study looking at the addition of paclitaxel to adjuvant radiation 
for patients with high-risk early stage carcinoma of the endometrium (/07). Essentially 
they have shown that post total abdominal hysterectomy, bilateral salingo-oopherectomy, 
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and surgical staging that 13 patients were able to tolerate weekly paclitaxel (60 mg/m?) 
with 50.4 Gy of adjuvant pelvic radiation with a tolerable amount of side-effects in a 
broad mix of tumor stages. They acknowledge that larger prospective trials are warranted 
to show that this approach to therapy has an impact on local control and/or long term- 
survival in this disease. 


10. BREAST 


Given the well-known systemic activity of the taxanes against breast cancer coupled 
with their radiosensitizing abilities, it would seem logical to combine them in the therapy 
of locally advanced breast cancer (108). Skinner et al. (109) reported updated results of 
a trial looking at the concurrent delivery of paclitaxel and radiation in locally advanced 
breast cancer. Originally the trial was designed to give 60 mg/m? weekly during radiation 
with a total dose of 50 Gy in 25 fractions, however, the first two patients developed 
unexpected significant skin toxicity, so the doses were amended to give 30 mg/m? twice 
weekly during 45 Gy of radiation. Of 29 patients enrolled, 28 were assessable for clinical 
response and toxicity, and 27 were assessable for pathological response. An objective 
clinical response was achieved in 89% and at the time of surgery, 33% had no or minimal 
microscopic residual disease. Chemoradiation-related acute toxicity was limited; how- 
ever, surgical complications occurred in 41% of patients. This encouraging result needs 
further long-term follow-up to assess both the local control rates of these locally 
advanced tumors as well as the cosmetic results. Bellon et al. (1/0) have also reported 
on their series of 44 patients who received either concurrent paclitaxel or docetaxel 
with their adjuvant radiation during breast cancer therapy. It would seem that the skin 
toxicity in their series was high with 38% of patients requiring a break in treatment, 
which lasted an average of 8 d. They report that the rate of Grade 3 skin toxicity with 
concurrent docetaxel was significantly higher than with paclitaxel. It would seem that 
there is a significant increased skin morbidity to the delivery of concurrent taxanes and 
breast/chest wall irradiation. Further investigation of an optimal sequencing/dosing 
schedule needs to be done. 


11. GASTROINTESTINAL 


Within the multiple subsites of this tumor grouping, most work has been done in 
esophageal cancer. The large majority of these patients have been treated with paclitaxel 
in combination with radiation (Table 3). The experience with docetaxel is essentially 
limited to patients treated on phase I trials for thoracic malignancies that used radiation 
in combination with docetaxel (68,711). The situation is much the same for both pancre- 
atic and gastric cancers as well. The rationale for looking at combination therapy that 
incorporates paclitaxel is much the same as in other disease sites, i.e., its activity in 
systemic disease (//2), its potent preclinical radiosensitizing properties (38), and evi- 
dence from randomized trials that there is a benefit to combined modality therapy that 
includes at least radiation and chemotherapy (113-116). 


11.1. Paclitaxel 


Wright et al. from the Massachusetts General Hospital reported interesting results 
from their intensive trial of preoperative paclitaxel, cisplatin, and 5-fluorouracil with 
hyperfractionated radiation (total tumor dose of 58.5 Gy and 45 Gy to the mediastinum) 
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Table 3 
Paclitaxel in Preoperative Therapy for Carcinoma of the Esophagus 
Number 2 yr 

Study Design of patients Response survival 
Wright Phase I/II concurrent pre-op 42 entered 14/36 pCR 61% 

Cisplatin 20 mg/m? d 1-5, 29-33 40 eligible 

5-Fluorouracil 800 mg/m“/d for resection 

d 1-5, 29-33 36 resected 

Paclitaxel 75-125 mg/m? d 1,29 

58.5 Gy to primary hyperfractionated 
Safran Phase I-concurrent pre-op/definitive 41 entered 12 pCR 42% 

Paclitaxel 60 mg/m? weekly 

Cisplatin 25 mg/m? d 1, 8, 15, 22 

39.6 Gy in 1.8 Gy fractions 

if inoperable to 50.4 Gy total 
Meluch Phase I]-concurrent pre-op 50 entered 17/34 pCR 54% 

Paclitaxel 200 mg/m? d 1,22 40 eligible 17/34 pPR 

Carboplatin AUC = 6 d 1, 22 for resection 


5-Fluorouracil 225 mg/m?/d 1-42 34 resected 


45 Gy in 1.8 Gy daily fractions 


Adelstein Phase II-concurrent pre-op 40 entered 9/40 pCR 30%* 
Cisplatin 20 mg/m*/d 1-4, 22-25 40 eligible 15/40 pPR 
Paclitaxel 175 mg/m? d 1,29 for resection 
45 Gy 37 resected 

Schnirer Phase II pre-op 10 entered 1/5 pCR Not 
5-Fluorouracil 300 mg/m7/d 1-42 6 eligible 2/5 had reported 
Paclitaxel 45 mg/m” weekly for resection >90% 
45-50.4 Gy in 1.8 Gy fractions 5 resected necrosis 


pCR = pathologic complete response, pPR = pathologic partial response, *3 yr survival. 


(117). The phase I portion of this trial determined that the safe scheduling to move into 
the phase II portion was 100 mg/m? every 4 wk during radiation. Unfortunately, this 
protocol ended up being rather toxic requiring on average 7 d of hospital stay to deal with 
side effects of therapy. Interestingly, 36 of 40 patients were able to undergo resection and 
of those who had surgery, there were 14 (39%) pathologic complete responses. These 
investigators report that they hope that decreasing the intensity of the thoracic radiation 
will increase the tolerability of the regimen without compromising the response seen. 
Safran et al. from Brown University, where much of the initial work with paclitaxel and 
radiation was done, have reported on their experience with paclitaxel, cisplatin, and 
radiation in esophageal cancer (118). They found that when paclitaxel was administered 
at 60 mg/m? with cisplatin 25 mg/m? weekly on d 1, 8, 15, and 22 and radiation to a total 
dose of 39.60 Gy, in 1.80 Gy fractions, for 22 treatments that 2-yr progression-free rates 
were 40%. Patients with medical or surgical contraindications to esophagectomy received 
an additional 2 wk of paclitaxel with a radiation boost to 50.4 Gy. Other trials confirming 
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similar rates of response and survival have also been reported with similar regimens 
(119,120). In contrast Adelstein et al. claim in their nonrandomized comparison with 
historical controls that were treated with 5-fluorouracil based therapy that there was no 
survival related benefit seen to the addition of paclitaxel (721). Perhaps at this point in 
time, the statement “paclitaxel-based treatments must be carefully and prospectively 
studied before their incorporation into the standard management of esophageal cancer” 
(122) is the best language to summarize the state of contemporary preoperative combined 
modality therapy in esophageal cancer. 

The combined modality studies that have attempted to address the role of paclitaxel 
in stomach and pancreatic cancers have also originated from Brown University. These 
investigators acknowledge that while the benefit of combined modality therapy in this 
patient population is limited by toxicities, the lack of truly effective agents leaves 
opportunity to examine the effect of a known radiosensitizer like paclitaxel (723). In 
their phase I study of both locally advanced gastric and pancreatic adenocarcinomas, 
the dose-limiting toxicities of abdominal pain, nausea, and anorexia were seen when 
60 mg/m? paclitaxel was administered with 50 Gy of radiation. There was a substantial 
response rate with 11 of 23 patients (48%) having radiological-objective responses 
(124). In their phase II experience treating patients with locally advanced pancreatic 
tumors using 50.4 Gy of radiation in 28 treatments with weekly paclitaxel (50 mg/m?), 
Safran et al. report a 26% response rate, a median survival of 8 mo and a 1-yr survival 
of 30% (125). They also state that survival was heavily influenced by systemic relapse 
with only 2 of 44 patients experiencing local recurrence at site of first progression. 
They also suggest that the results of the recently completed RTOG phase II trial will 
yield more insight into the utility of paclitaxel-based regimens. Likewise their protocol 
in locally advanced gastric cancer shows that the delivery of paclitaxel—radiation is 
feasible to treat these tumors and that it affords reasonable local control (126). How- 
ever, further studies need to be done to better define the overall role of this therapy as 
a strategy to treat gastric cancers. 


12. HEAD AND NECK 


The combination of chemotherapy with radiation therapy is a rational effort to reduce 
both the rate of locoregional failure and the frequency of distant metastasis in patients 
with squamous cell carcinoma of the head and neck. Its role, however, remains contro- 
versial to some extent despite evidence from several meta-analyses that the use of che- 
motherapy in an adjuvant or adjunctive fashion is associated with an improvement in 
local control as well as overall survival (127—129). Certainly the meta-analysis from El- 
Sayed and Nelson (128) suggests that concurrent treatment leads to an absolute 8% 
decrease in the mortality rate. This relatively small benefit does come at the expense of 
increased toxicity. Investigators looking at the use of concurrent taxanes, whether it be 
paclitaxel or docetaxel, have hoped that their addition might improve outcome without 
further increasing toxicity. Given the lack of randomized data from trials that have 
incorporated these drugs it is really too early to say what their true impact will be. 


12.1. Paclitaxel 


Investigators have taken several different approaches to the integration of paclitaxel 
into radical therapy in head and neck cancer. Rosenthal et al. undertook a multicenter 
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phase I study where 7-wk continuous infusion of paclitaxel was administered during 
radical radiation (730). They enrolled 27 patients and 19 of them who received greater 
than 70 Gy were also assessed for response. At 17 mg/m?/d skin toxicity required a 2- 
wk break in radiation for all three patients. As such the recommended dose for phase II 
trials was 10.5 mg/m?/d. Initial locoregional control was achieved in 58% of patients and 
it persisted in 38%. Two other groups (131,132) decided to explore the influence of a 
120-h continuous infusion of chemotherapy every 3 or 4 wk during curative radiation 
therapy. Machtay (132) found that the MTD was 100 mg/m7/ 96 h when delivered ona 
4-wk time schedule. Dose-limiting toxicities were as expected—mucositis and derma- 
titis. Sunwoo (/3/) reported that in 33 untreated patients using a 3-wk 96-h infusion of 
paclitaxel during radiation that at 3 mo postcompletion of therapy a 76% complete 
response at the primary site was possible and at 36 mo posttherapy locoregional control 
was maintained in 55.7% with overall survival of 57.8%. Treated patients experienced 
many of the same toxicities as in other reported trials. Steinberg and the group at Case 
Western University have also reported on a 24-h infusion of paclitaxel during radio- 
therapy in a phase I setting (/33). Toxicities included febrile neutropenia as well as 
significant mucositis requiring enteral feeding tubes in most patients. Pharmacokinetic 
studies here showed that at least 75 mg/m? achieved near steady-state mean plasma 
concentrations that greatly exceeded established in vitro thresholds for the induction of 
mitotic arrest and altered microtubule function. 

The common link with many clinical studies of chemoradiation in head and neck 
cancers is the significant mucositis that patients experience during therapy. Acrein has 
reported on a trial that attempts to deliver Ethyol as a protective agent to lessen the side 
effects of weekly paclitaxel (134). 

The use of weekly paclitaxel (45 mg/m?) and carboplatin (100 mg/m?) has been reported 
(135,136). This combination as used to treat 62 patients with stage III and IV squamous 
cell carcinoma of the head and neck concurrently with radical radiotherapy lead to a 
clinical complete response rate of 75% both at the primary and in the neck with a median 
survival of 33 mo(/35). The authors report a retrospective comparison to similar patients 
treated with concurrent carboplatin alone or concurrent carboplatin and bleomycin and 
show on multivariate analysis that complete response and treatment with paclitaxel were 
predictive for survival (736). This result while encouraging is retrospective in nature and 
is subject to potential bias. 

Eckardt et al. have reported on a strategy with concurrent paclitaxel and carboplatin 
delivered in a neoadjuvant fashion with 40 Gy in resectable cases of head and neck cancer 
(137,138). In their latest report of the 28 patients available for reporting of pathological 
response postsurgery, 53% or 15 patients achieved a complete response and 13 or 47% 
achieved a partial response to induction therapy. The high pathological response rates 
will in fact lead to further study within the DOSAK Cooperative Study Group. 

More aggressive chemoradiation that is paclitaxel-containing has also been investi- 
gated. Kies et al. have reported on 64 patients with stage IV cancers treated with 
120-h infusion of paclitaxel (20 mg/m?/d) and fluorouracil (600 mg/m?/d) for five 2-wk 
cycles with weekly dosing of oral hydroxyurea and hyperfractionated radiation to a total 
dose of 65-75 Gy. The 3-yr overall survival was 60%, however, the 3-yr locoregional 
control has been reported as 86%. Of concern are the complaints of compromised swal- 
lowing posttherapy in 47% of patients and the 84% rate of grade 3—4 mucositis seen 
during therapy. 
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12.2. Docetaxel 


A few different strategies have been pursued attempting to integrate docetaxel into 
treatment regimens for locally advanced head and neck cancers. These include a dose- 
escalation strategy with single-agent chemotherapy (/40) where weekly docetaxel was 
administered with 70 Gy of fractionated radiation starting at a dose of 15 mg/m?. Despite 
enrolling six patients in this entry level, the trial was closed because of unacceptable toxicity 
including grade 4 skin and pulmonary complications and also a treatment-related death. 
Other schemes have been tried as well. Koukourakis et al. (741) have investigated the 
escalation of novel concurrent therapy that includes both docetaxel and irinotecan with 
66-70 Gy of conventionally fractionated radiation. They found an impressive 75% radio- 
logical complete response rate and a 25% partial response rate; however, the incidence of 
grade 3—4 mucositis was dose-limiting. They suggest that 20 mg/m? of taxotere and 40 mg/m? 
of irinotecan is the maximally tolerated dose for weekly administration of these drugs. 

The group from the Dana Farber Cancer Institute has also explored the addition of 
docetaxel to therapy. First they have published results of a phase I/II study that adds 
docetaxel to cisplatin-, fluorouracil-, and leucovorin-based induction therapy for patients 
with stage III or IV squamous cell carcinoma of the head and neck (/42). Twenty-three 
patients in total were treated with this regimen and the MTD of docetaxel at 60 mg/m? 
iv on the first day of each cycle was found for induction therapy. This was followed by 
definitive hyperfractionated radiation to at least 72 Gy to the primary and 66 Gy to lymph 
nodes greater than two centimeters. The overall response rate to the induction chemo- 
therapy was 100%, which is certainly impressive; however, the toxicities were also 
remarkable. This strategy has progressed to examining concurrent docetaxel post- 
induction chemotherapy (/43). The reported results of this study showed that the MTD 
of weekly docetaxel was 25 mg/m? with mucositis halting escalation. The clinical out- 
come was also acceptable. As mentioned before the additional benefit of taxane-based 
chemoradiation in head and neck cancers has yet to be established in randomized trials 
despite reported responses and acceptable toxicities. 


13. METASTATIC DISEASE 


Concurrent therapy for the treatment of more than three brain metastases using paclitaxel 
and radiation has been explored in a phase III trial (144). The hypothesis here being that 
high-dose paclitaxel in combination with cranial radiation should improve local control 
while providing systemically active amounts of chemotherapy. Unfortunately, there was no 
statically significant improvement in survival seen. There is certainly a place to further 
explore the benefits and toxicities experienced with concurrent taxane-based therapy with 
radiation in metastatic disease. The role of the taxanes in concurrent chemoradiotherapy 
with sarcomas and pediatric tumors has not been explored at this time. 


14. NOVEL TAXANES 


The success of taxane-based therapy in cancer treatment has stimulated interest in 
further improving its efficacy profile and in identifying new tubulin-active agents. Two 
taxane analogs, BMS-184476 and BMS-188797, demonstrate greater activity than 
paclitaxel or docetaxel in a number of human tumor cell lines as well as in rodent solid 
tumors and human xenografts (4,145). BMS-184476 was discovered to be more potent 
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than paclitaxel in cells expressing mutated tubulin or a high level of the multidrug resis- 
tance protein. However, it showed no superiority in those cells that contain wild-type 
tubulin or in those that do not overexpress the multidrug resistance protein. The improved 
cytotoxic effects of BMS-184476 in cell lines containing paclitaxel-specific resistance 
may contribute to its observed in vivo superiority (146). Both of these newer taxanes are 
presently in phase I trials evaluating different schedules of administration (147—150). 

Properties of water solubility and oral bioavailability have important potential impli- 
cations including reduced hypersensitivity reactions and reduced toxicities that may be 
associated with diluants currently used with paclitaxel and docetaxel, cremophor, and 
Tween-80. The reduced attendant cost of administering oral chemotherapies in pro- 
tracted treatment regimens is also an important consideration. The orally administered 
taxane analogs, BMS-185660 and BMS-275183, demonstrate comparable levels of 
activity with intravenously administered paclitaxel in preclinical testing and are cur- 
rently completing phase I testing (751,152). Other novel taxane agents that may soon be 
entering clinical testing include IND5109 (153, 154, 156), SB-T-1213 (155), SB-T-1250 
(155), SB-T-101187 (155), IND 5390 (157), TXD258 (158). Although these compounds 
are beginning to undergo clinical testing in advanced disease, there is really little data on 
the interaction of novel taxanes with radiation. One report of a novel taxane, 
taxolteremetro, suggests that it was able to enhance the radiation cell kill in some of the 
cell lines tested compared to paclitaxel under euoxic conditions (2). The real test for the 
future will be to see if these compounds are able to improve the therapeutic index when 
used in combination with radiation either by increasing the tumor cell kill or by more 
selectively targeting tumor cells compared to normal tissues. 


15. CONCLUSION 


The initial experience with the taxanes and especially with paclitaxel in the realm of 
combined modality therapy has had a substantial impact on the treatment of cancers both 
in the United States and worldwide. Paclitaxel delivered in concert with radiation pro- 
vides a classical model of the development of clinically applicable treatment strategies 
from laboratory-based studies. The initial in vitro works of Tishler (39) and Choy (40) 
have translated in a very tangible way into approaches that are clinically applicable and 
in the next generation of randomized clinical trials their efficacy will be compared to 
more traditional chemotherapies in the combined modality setting. While the experience 
to date with both paclitaxel and docetaxel has been largely positive, the mortality rates 
in many of the solid tumor types remind us that much more needs to be done. 
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1. INTRODUCTION 


The camptothecin analog CPT-11 has recently been approved for the treatment of 
5-fluorouracil (5-FU)-resistant colorectal cancer (1), thus opening a new chapter in 
chemotherapeutic radiation sensitization. The camptothecins (CPT) are potent radiation 
sensitizers and are in their infancy in clinical studies. The combination of CPT with 
irradiation builds onto successful radiation-sensitization trials with 5-FU (2), because 
both classes of agents are cytotoxic for S-phase cells. They each have a defined role in 
the treatment of colorectal cancer, a site where radiation sensitization has improved 
local—-regional control and overall survival (Table 1). Radiation sensitization with these 
agents is dose and schedule dependent and additional knowledge about this combination 
treatment, based on new laboratory data, may help optimize the use of the CPTs as 
radiosensitizers. 


2. CAMPTOTHECINS AS ANTITUMOR AGENTS 


Camptothecin is a plant alkaloid obtained from the Camptotheca acuminata tree. It was 
first evaluated clinically, as a sodium salt, in the 1960s and 1970s, but was abandoned 
because of severe and unpredictable hemorrhagic cystitis (3,4). Irinotecan (CPT-11) and 
Rubetecan are semisynthetic, water-soluble derivatives of camptothecin possessing 
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Table 1 
Factors Affecting 5-FU (5-fluorouracil) and CPT-11 (Irinotecan) Radiation Sensitization 
Factor 5-FU CPT-11 
Metabolism 5-FU must be converted Yes, must be metabolized 
into a nucleotide precursor to SN-38 
(SFdUMP or 5FdUTP by carboxylesterase 


to interfere with thymidylate 
synthase or RNA metabolism) 


Dose dependency Yes Yes 
Time dependent cytotoxicity Yes (In SF = C x r*)¢ Probable 
Sequence with irradiation Post-XRT sensitization Variable; needs to be present 
in some concentration 
at the time of XRT 
in some systems. 
Preferred method Protracted venous infusion Repeated administration; 
of administration weekly schedules 
for radiation sensitization under investigation 
Circadian dependent Yes, widened therapeutic window Yes, animal and initial 
cytotoxicity when administered clinical data indicate 
in the rest phase chronotolerance 


“Survival fraction (SF) is proportional to the drug concentration (C) x time (t) product. The exponent k 
is a positive integer. 


greater in vitro and in vivo activity and associated with less severe and more predictable 
toxicity than camptothecin (5—7). 

Both camptothecin and Irinotecan inhibit topoisomerase I (TOPO-1), anuclear enzyme 
that plays a critical role in DNA replication and transcription (6). The mechanism of 
action involves a primary lesion induced by camptothecin in conjunction with human 
DNA topoisomerase “cleavable” complexes (8). The properties of these complexes from 
in vitro studies suggest that CPT binds at the interface between TOPO-1 and DNA and 
inhibits religation in the cleavage/religation reaction. This inhibition appears to be 
uncompetitive because CPT binds neither the enzyme nor the DNA substrate but interacts 
with the enzyme DNA complex to form a reversible nonproductive complex. Alterna- 
tively, a drug interpolation model has been suggested in which CPT interacts with the 
DNA by interpolation at the site of cleavage. An additional model suggests there are 
interactions between CPT and TOPO-1 via a flip-based model at the +1 position (8) 
although other evidence suggests there may be multiple mechanisms for trapping TOPO-1 
cleavable complexes. 

CPTs kill cells in S-phase by the mechanism involving the replication fork collision 
model. It is known that reversible TOPO-1 CPT DNA cleavable complexes are in them- 
selves nonlethal and that collisions with an advancing replication fork cause cell death 
(8). Several biochemical events follow collision with the replication fork: the formation 
of double-strand breaks, irreversible arrest of the replication fork, and the formation of 
TOPO-1-linked DNA break at the site of collision. These mechanisms account for the 
S-phase-specific cytotoxicity seen at relatively low doses of camptothecin. 

At higher concentrations of CPT, non-S-phase cells can be killed by CPT, which 
appears to be mainly an apoptotic death mechanism (8). In addition to the DNA replica- 
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tion fork collision model, TOPO-1—CPT—DNA cleavable complexes alter transcription 
machinery causing RNA synthesis arrest. Collisions between RNA polymerase complex 
and the CPT-cleavable complex on the template strand of transcription can arrest RNA 
transcription and can convert reversible TOPO-1-cleavable complexes into irreversible 
TOPO-1-linked single-strand breaks. Another mechanism of DNA damage is the 
involvement of transcription-coupled repair and the repair of TOPO-1-mediated DNA 
damage that has been suggested for studies of Cockayne syndrome cells. Recent studies 
show that repair of TOPO-1-mediated DNA damage may involve TOPO-1 degradation 
(8). CPT-induced TOPO-1 degradation depends on E1 and 26S proteasomes, suggesting 
involvement of the ubiquitin/26S proteasome pathway. These collisions trigger 
ubiquitin/26S proteasome-dependent degradation of TOPO-1. There is also a potential 
role for tyrosyl/DNA phosphodiesterase, which is involved in the removal of residual 
peptides (8). CPT can also induce rapid conjugation of SUMO-1 to TOPO-1 implicating 
the ubiquitination and SUMOylation of TOPO-1 pathways that share reaction character- 
istics (9). Both appear to be dependent on the formation of TOPO-1-cleavable complexes 
and both are unaffected by treatment with replication inhibitor aphidicolin or the 
poly(ADP-ribose) polymerase inhibitor, 3-amino-benzamide. These two reaction path- 
ways differ in several ways depending on transcription and phosphorylation status, and 
whether these occur in tumor or normal cells. These processes may thus be important in 
leveraging differences between cancer and normal cells. For example, clinical treatment 
involves the possibility of CPT-induced TOPO-1 downregulation, which may be defec- 
tive in tumor cell lines. The molecular mechanism for altered regulation of TOPO-1 
downregulation in tumor cells is not clear, however. This could impact treatment sched- 
ule, since TOPO-1 downregulation rebounds higher and quicker than normal tissue cells 
and thus intermittent treatment would be a less favorable model of scheduling than a 
protracted treatment schedule. 

New TOPO-1 inhibitors are being developed as the limitations of the current genera- 
tion of camptothecins are understood (/0,//). In general, the limitations of the 
camptothecins are the rapid reversibility of TOPO-1 DNA cleavage complexes, E ring 
opening resulting in an inactive carboxylate, poor solubility, and high binding to human 
serum albumin, thereby reducing clinical effectiveness. The development of new 
camptothecins is based on understanding of TOPO-1 isomerase protein expression and 
mutation, interactions between TOPO- 1 and the DNA cleavable complex as well as DNA 
lesion fixation, lesion processing, and cell cycle effects with regard to cell cycle check- 
points and apoptosis controls. Pharmacologic factors are being reviewed with regard to 
structure activity relationships, distribution in tissues and cells, metabolic conversion, 
solubility, and formulation, and how these factors affect therapy (/2). Dosing schedules 
that choose a best-tolerated time model based on understanding increased cytotoxicity of 
this class of agents for S-phase or the rapidly populating normal tissue compartments may 
also impact treatment schedules (1). 


3. CLINICAL PHARMACOLOGY OF THE CPTS 


This chapter will focus on Irinotecan because this is one of the most actively used 
agents in the clinic today (13,14). Irinotecan is converted by carboxylesterases to its more 
active metabolite, SN-38. In vitro, SN-38 is 250- to 1000-fold more potent than CPT-11 
as an inhibitor of TOPO-1 activity (6). The enzymatic cleavage (hydrolysis) of the car- 
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bamate bond of CPT-11 to form the active species SN-38 has been shown to be mediated 
by hepatic microsomal and serum carboxyl-esterase in animals. These serine hydroxy- 
lases have been found in hepatic microsomes, kidney, lung, intestine, brain, and eryth- 
rocytes. The ability of various human tissues to produce SN-38 from CPT-11 has been 
compared (6). Enzymatic hydrolysis was fastest in human liver (42.4 ng SN-38/mg pro- 
tein/h), with the kidney showing the second highest activity at 24% of the liver value. 
Activity in normal spleen, lung, and pancreatic tissue ranged between 16% and 18% of 
the liver value. Liver tumors produced significant, but slightly lower, amounts of SN-38 
than normal liver tissue (/5). Based on these results, human liver was proposed to be the 
major site of bioactivation of CPT-11, with extrahepatic metabolism in other normal and 
tumor tissues likely. Similar to camptothecin and its other analogs (e.g., topotecan, 9-AC), 
both CPT-11 and its more active metabolite, SN-38, are reversibly hydrolyzed from 
active lactone forms to hydroxy acid (carboxylate) forms. This hydrolysis is pH-depen- 
dent, with equilibrium favoring the hydroxy acid form at physiological pH. The closed 
lactone ring is a structural requirement for activity of the camptothecins, since studies 
have demonstrated that the open-ring hydroxy acid form is a less potent inhibitor of 
TOPO-1 and a much less potent antitumor agent (6). 

The mean terminal half-life of SN-38 in plasma is slightly longer than that for 
CPT-11: 11.5 + 3.8h vs 6.3 + 2.2 h (lactone forms). Peak plasma concentrations for 
CPT-11 occur at the end of the infusion. The time to peak SN-38 concentration is highly 
interpatient dependent but generally occurs 30-90 min after the end of infusion (16). 
Murine studies suggest that the liver may concentrate CPT-11, convert CPT-11 to 
SN-38, and eliminate via biliary excretion CPT-11, SN-38, and the glucuronide conju- 
gate of SN-38 (SN-38G). In rats, 55% of radiolabeled CPT-11 was excreted unchanged 
in the bile within 24 h while 21.7% was transformed to SN-38. Overall, 73% of the 
radioactivity could be recovered from the feces of rats and 25% from the urine. 
It recently was demonstrated that plasma concentrations of SN-38 glucuronide occur 
0.5-3 h after the SN-38 peak and that plasma levels generally exceeded those of SN-38 
(17). In one patient, bile concentrations of CPT-11 were 10- to 60-fold higher than 
plasma concentrations during the first 6 h following administration, whereas bile con- 
centrations of SN-38 were two- to ninefold higher (/6). 

A full characterization of the metabolic pathways of CPT-11 in human cancer patients 
has not been undertaken. The incomplete recovery of the irinotecan dose based on urine 
and bile determinations of irinotecan, SN-38, and SN-38 glucuronide suggests the pres- 
ence of additional unidentified metabolites. Recently, a major metabolite, 7-ethyl-10-[4- 
N-(5-aminopenatoic acid)-1-piperidino]carbonyloxycamptothecin, has been identified 
in dogs and humans, suggesting the presence of an additional metabolic pathway (18). 
Renal clearance has not been reported to be a major route of elimination for these com- 
pounds in humans. 


4. INTERACTION WITH IRRADIATION 


TOPO-1 active drugs like Irinotecan, Topotecan, and 9-AC cause synergistic 
killing when given with irradiation, even in cells from highly radioresistant tumors (/9— 
24). The cumulative data favor a mechanism of synergistic killing caused by altered DNA 
lesion modification and enhanced apoptosis. Alterations in cell cycle regulation may also 
play arole inthe synergy between these two agents in some cancers. Some evidence exists 
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for participation by nuclear factor kappa B (NF-«B), a known anti-apoptotic factor 
activated in various cancer cells by TOPO-1 drugs (25). NF-«B activation is dependent 
on initial nuclear DNA damage and is dependent on cytoplasmic signaling events. 
The cytoplasmic signaling leading to NF-KB activation after TOPO-1 exposure is dimin- 
ished in cells lacking nuclei and in CEM-C2 cells that express mutant TOPO-1 protein 
that cannot interact with TOPO on active drugs. The NF-«B activation was also intensi- 
fied in S-phase and in cells blocked by aphidocolin suggesting that activation was a result 
of double-strand break formation due to TOPO-1 poisoning and DNA replication. These 
data suggest that the blocking of anti-apoptotic NF-«B responses may improve radio- 
therapy results. 

In vivo, combination 9-aminocamptothecin (9-AC) and irradiation is more effective 
when fractionated compared to single doses (26). We found a dose modifying factor 
(DMF) of only 1.12 after 4 mg/kg of 9-AC and 15 Gy compared to a DMF of 2.8 with an 
isoeffective radiation dose (28 Gy) plus an equitoxic total dose of fractionated 9-AC. 
Reasons for the superiority of fractionated treatments over single treatment may be 
related to the formation and equilibration of stabilized DNA-TOPO-1 cleavable com- 
plexes during repeated CPT administration (27,28). Another possibility is that of a “syn- 
chronizing” effect of fractionated irradiation through the selective cytotoxicity in G2-M 
cells after irradiation enriches the fraction of S-phase cells that are sensitive to CPT 
treatment (a “chemosensitizing” effect). Regardless of the mechanism of action, frac- 
tionated CPT alone increases cytotoxicity compared to a large single CPT treatment in 
human xenografts and repeated clinical administration schedules are justified. 

Another consideration for using CPTs in the clinic are acute diarrhea and myelo- 
suppression that are the typical dose-limiting toxicities with this class of S-phase chemo- 
therapeutic agents. Our laboratory results with chronomodulated CPT suggest that acute 
morbidity can be spared when the rapidly proliferating normal tissues are treated when 
they are least sensitive (26). The circadian time dependence for acute toxicity in the gut 
and the bone marrow has been described for other S-phase agents including the CPTs in 
ICR mice (29). The explanation for this effect appears to be related to circadian 
cytokinetics of the murine gastrointestinal tract because the peak incorporation of 
bromodeoxyuridine into S-phase cells occurs around 2 am (30). Another factor influenc- 
ing circadian-dependent toxicity of these drugs may be the enzymatic activity of the 
intestinal flora such as B-glucuronidase or intestinal tissue carboxylesterase, which con- 
verts CPT-11 into active metabolites in the intestinal lumen. An understanding of the 
chronopharmacology of the CPTs could provide valuable answers that have clinical 
relevance. We thus hypothesize that administration of CPTs during the human rest phase 
may allow dose escalation and provide a basis for increased radiation sensitization com- 
pared to nonchronomodulated sensitizer administration. A recent report on the treatment 
of advanced colorectal cancer patients with chronomodulated CPT-11 showed that dose 
escalation was possible and supports this view (/). These laboratory data suggest optimal 
scheduling of the CPTs with irradiation occurs with repeated dosing. They provide a 
rationale for using fractionated treatments in the clinic and treatment schedules now 
being piloted with irinotecan using daily and weekly dosing schedules. Comparisons of 
toxicity and efficacy of these differing schedules in humans are not yet available. There 
is also evidence for circadian-dependent cytotoxicity and radiation sensitization, and 
when used as radiation sensitizers a chronomodulated delivery schedule should also be 
evaluated in the clinic. 
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5. TOPOTECAN 


Topotecan is a water-soluble TOPO-I inhibitor with cytotoxic activity in a variety of 
preclinical models. Topotecan exhibits schedule dependency in vivo, and has high cyto- 
toxic activity with repeated dose schedules (3/). In murine systems, there is evidence that 
reducing the dose intensity (by prolonging the drug administration schedule) provides a 
therapeutic advantage because of reduced host toxicity and equal or superior tumor 
responses. In clinical studies with topotecan, a short plasma half-life also suggests that 
prolonged drug exposure by infusion could be effective. In a phase I trial with escalating 
low-dose topotecan infusion, an increased therapeutic ratio was found when compared 
to an intermittent dosing schedule (32). Neutropenia is usually the dose-limiting toxicity 
for topotecan. 

In phase II studies with topotecan alone, there is cytotoxic activity in lung cancer with 
intermittent dose schedules (33), as well as in lung cancer patients with topoisomerase 
II refractory disease (34). In advanced head and neck cancer topotecan is well-tolerated 
and has single-agent activity similar to that of cisplatin, 5-fluorouracil, and methotrexate 
(35). Decreased production or mutation of TOPO-1 can cause resistance to the cytotoxic 
effects of topotecan and other CPTs; active efflux of TPT by P-glycoprotein-mediated 
transport might also contribute to resistance. 

Topotecan has radiation-sensitizing properties demonstrated in log- and plateau- 
phase cell cultures (23,36) and in murine fibrosarcomas (37,38). Trials have begun in 
patients with nonsmall-cell lung cancer (NSCLC) and in those with central nervous 
system (CNS) tumors. 

Clinical evidence for radiation sensitization has been demonstrated in a dose-escala- 
tion trial for patients with locally advanced, inoperable nonsmall-cell lung cancer 
(NSCLC) (39). Twelve patients received 60 Gy (2 Gy/d) plus topotecan delivered by 
bolus injection d 1-5, and again on d 22-26, beginning on the same day as irradiation. 
The initial dose level was 0.5 mg/m?; dose levels of 0.75 mg/m? and 1.0 mg/m? were also 
tested. Doses higher that 0.5 mg/m? were associated with relatively high hematologic and 
gastrointestinal toxicity. The results of treatment showed 5 of 12 patients alive (2 with- 
out evident disease) and 7 dead of disease; late pulmonary toxicity was not reported. 
Topotecan has also been used with cranial irradiation for patients with glioblastoma 
multiforme and for children with intrinsic pontine gliomas. In both of these trials, 
topotecan is given daily as a 30 min infusion 30—120 min prior to irradiation. 


6. IRINOTECAN 


Irinotecan treatment schedules differ from 125 to 150 mg/m? once a week for 4 wk 
followed by a 2-wk drug free interval (United States), to 350 mg/m? once every 3 wk 
(Europe), or 100 mg/m?/wk or 150 mg/m? every 2 wk (Japan). Differing intermittent 
treatment schedules using cytokine support for neutropenia, or intensive loperamide to 
counteract diarrhea, have also been reported (/4). These tolerable CPT-11 regimens have 
produced median durations of response that range from 5.6 to 10.6 mo in colorectal 
patients; disease stabilization occurs in 30 to 71% (40). Response rates of 26% and 32% 
have been reported for previously untreated colorectal cancer patients; higher response 
rates have been reported for non-5-FU-refractory patients (only 7-21%). Symptoms of 
diarrhea, nausea, and vomiting are common toxicities; other side effects are asthenia, 
abdominal pain, leukopenia, and neutropenia. In the US trials at least one of these adverse 
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events occurred in >50% of patients. Grade 3 or 4 toxicity occurs in about one-third of 
patients and the most common grade 3 or 4 event is severe late diarrhea. 

CPT-11 has significant activity in nonsmall-cell lung cancer (4/) and it has been 
combined with irradiation in phase I/II trials in Japan. CPT-11 is a prodrug that must be 
converted to an active form, SN-38, by carboxylesterase, which has been found in liver, 
in blood, and in lung cancer biopsies. Carboxylesterase was detected by immunostaining 
with an antihuman carboxylesterase polyclonal antibody and by indirect immunostaining 
in lung squamous cell carcinomas that had significantly higher levels than adenocarci- 
noma cells (p < 0.05). Other studies in 10 human lung cancers cell lines showed that 
SN-38 levels increased significantly over 24 h suggesting that human lung cancer cells 
efficiently convert CPT-11 to SN-38. 

Radiation sensitization with irinotecan in two human lung cancer xenografts has been 
reported (42). In these experiments, CPT-11 was administered in nontoxic doses 1 h prior 
to a single dose of irradiation. In other reports radiation sensitization with CPT occurred 
during or after irradiation (43). 


7. OTHER AGENTS: 
9-AMINO-CAMPTOTHECIN, 9-NITRO-CAMPTOTHECIN 


The rationale for combining 9-AC with irradiation was based on in vitro work with 
human colon and pancreatic cancer cell lines showing dose dependency for cytotoxicity 
and radiation sensitization and other reports that it is a potent radiation sensitizer in vivo 
(21). Unfortunately, this agent is not very well tolerated in man and clinical studies have 
been abandoned (/2). Another agent is 9-nitro-camptothecin that is converted into 9-AC 
in vivo, which has also been shown to be active in vitro and in vivo (44,45). 


8. CLINICAL STUDIES: LUNG CANCER 


Inaclinical phase I trial using CPT-11 with concurrent irradiation (60 Gy in 30 fractions 
over 6 wk) for NSCLC, the maximum tolerated dose (MTD) was 60 mg/m? (by 90 min iv 
infusion) when given weekly for 6 wk (46). A follow-up phase II trial was then performed 
in previously untreated patients with high performance status with a diagnosis of 
unresectable stage IITA/B NSCLC (47). In 24 patients with varied histologic diagnoses 
and a median age of 60 yr (range 44-72), six planned courses of CPT-11 were delivered 
in 71% and another 21% of these patients received five courses. External beam irradiation 
to the thorax was completed in 88% and three patients had a treatment delay because of 
fever or fatigue. The overall objective response rate was 79%. Acute toxicities were 
limited to one grade-3 leukocytopenia and two grade-3 neutropenias. Other toxicities 
included three grade-3 hypoxemia due to pneumonitis, two with temporary grade-3 
esophagitis, and one with a grade-3 fever. Grade-3/4 diarrhea was not observed. These 
authors conclude that weekly CPT-11 and concurrent radiation therapy is an active com- 
bination treatment for locally advanced NSCLC. The high incidence of pneumonitis with 
this treatment combination needs further investigation. 

Phase I trials are now underway using CPT-11 plus irradiation for patients with 
advanced or recurrent colorectal cancer. In one study, a single weekly dosage of 30 mg/kg 
of CPT-11 is given intravenously in combination with infusional 5-FU (300 mg/m7/d) 
and concurrent pelvic radiotherapy (50 Gy). This approach builds onto an existing stan- 
dard practice of infusional chemoradiation and uses a dose modification of the common 
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drug-dosing scheme for CPT-11 used today in the United States. Phase I and II trials with 
CPT-11 have demonstrated clinical activity and radiation sensitization in NSCLC. 


9. OTHER THORACIC MALIGNANCIES 


A Phase I study has been underway at the M.D. Anderson Cancer Center for patients 
with advanced unresectable gastric, gastroesophageal, or esophageal cancer (48). Patients 
must not have had previous treatment, and eligibility criteria regarding a baseline hema- 
tologic and liver function tests are standard. Previous treatment with irinotecan or 
topotecan (Hycamtin) or prior radiotherapy were exclusion criteria. The treatment plan 
consisted of a Phase I dose-escalation study beginning at 30 mg/m? and extending to a 
dose of 70 mg/m?. A weekly dose of irinotecan was modified according to blood counts. 
Radiotherapy treatment consisted of 45-50 Gy in 1.8 Gy fractions for a total of 25- 
28 fractions delivered over 5 wk. The irinotecan was administered 1 h prior to adminis- 
tration of radiation therapy on d 1 of each week of radiotherapy. In 18 patients enrolled 
between January and November of 1998, there were 12 patients evaluable for toxicities 
and response. There was a male predominance of 16:2 and ages ranged from 30-76 with 
a median age of 59. Six patients had esophageal cancer, nine had lesions of the GE 
junction, and three had tumors in the stomach. The predominant histology was adeno- 
carcinoma and three had signet ring cell carcinoma. There were 12 T-3 patients and 
6 T-4 patients; 6 had N-0 disease, and 12 had what was considered N-1 disease. The dose- 
escalation study revealed that the MTD was 60 mg/m’, and it was recommended that a 
dose for the Phase II study is 45 mg/m? administered weekly with radiotherapy. The 
toxicities involved in the Phase I study revealed major toxicities were hematologic. 
Neutropenia and neutropenic fever along with sepsis and chills were common. Two 
patients had hemorrhage and two patients had severe anemia. Regarding GI toxicities, 
there were two patients with nausea, four with vomiting, three with dehydration, three 
with anorexia, and one with constipation. No patient had severe pneumonitis. In the 12 
evaluable patients, seven (58%) had a response, including two complete responses. There 
were four patients with no change, and one patient had progressive disease. The 
median time to progression was 27.5 wk and survival ranged from 1 to 15 mo witha 
median survival of 8 mo. 

Although this trial is small, it fits with results from Japanese studies and those reported 
from Vanderbilt showing that a range of 30-40 mg/m? given weekly can be combined 
with daily irradiation. 


10. RECTAL CANCER 


The group at the Thomas Jefferson University Hospital, Philadelphia, PA have evalu- 
ated the use of weekly irinotecan in conjunction with 5-FU infusion in a Phase I study 
(49). The trial attempted to combine a weekly dose of irinotecan with continuous infusion 
5-FU in conjunction with 45 Gy given in 1.8 Gy fractions over 5 wk. The objective of this 
Phase I study was to determine the MTD of weekly irinotecan in previously untreated 
patients with primary recurrent clinical stage T-3, T-4 adenocarcinoma of the rectum. 
The trial began with escalating doses of irinotecan at 30-50 mg/m? given over 90 min on 
d1, 8, 15, and 22. 5-Fluorouracil was initially given as a protracted intravenous infusion 
of 300 mg/m? per day, which was subsequently reduced to a dose of 225 mg/m? on d 1- 
5 with weekly irradiation. Surgery was performed 8—10 wk following completion of 
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Table 2 
Radiation Therapy Oncology Group RTOG R-0012 Randomized Phase II Trial 
of Preoperative Combined Modality Chemoradiation for Distal Rectal Cancer 


Schema 


S R 
T Clinical A Arm 1: CVI 5-FU (250 mg/m?/d, 7 d/wk, until completion of RT) 
+ Pelvic RT 45.6 Gy (1.2 Gy/b.i.d., = 6 h interval) 


Staging 
R 1.T3 N + Boost to tumor (9.6 Gy for T3 and 14.4 Gy for fixed T4)* 
2. T4 + Surgery**4—10 wk after completion of RT. 
A D 
T O Arm 2: CVI 5-FU (225 mg/m?/d, M-F, 120 h/weekly, 
until completion of RT) plus CPT-11 (50 mg/m’, once weekly x 4) 
I M + Pelvic RT 45 Gy (1.8 Gy/d) 
+ Boost to tumor (5.4 Gy for T3 and 9 Gy for fixed T4)* 
F I + Surgery**4—10 wk after completion of RT. 
Y Z 
E 


*Boost radiation may be delivered using conformal 3D techniques. 
**JORT (optional) may be delivered to areas of tumor fixation at time of surgery. Maintenance 
chemotherapy is recommended for all patients post. 


treatment. A total of 38 patients were enrolled in the trial and the finalized and recom- 
mended dose for the Phase II study is 50 mg/m? weekly, given with conventional pro- 
tracted infusion 5-FU during a course of radiotherapy. 

The RTOG trial RO102 is now open for patient accrual and will be a randomized Phase 
II comparison of 5-FU infusion plus irinotecan and conventionally fractionated radio- 
therapy to a dose of 50.4 Gy (Table 2). This will be compared to a hyperfractionated 
radiotherapy arm given in conjunction with protracted venous infusion of 5-FU. Readers 
interested in participating should contact the radiotherapy oncology group headquarters 
in Philadelphia, PA. 

A different chemoradiation approach being used is based on Phase I data with daily 
low-dose CPT-11 (50). The rationale here is that camptothecin-stabilized DNA-TOPO1 
cleavable complexes are reversible and thus frequent CPT-11 dosing may favor produc- 
tion of these complexes. This is supported by the fact that the half-life of SN-38 is 
relatively long and daily bolus injections can result in a concentration x time product 
similar to a continuous infusion. CPT-11 was administered in a Phase I fashion for five 
consecutive days for 2 wk followed by a 1 wk rest. In 20 previously treated patients with 
advanced tumors (16 with colorectal cancer) acute toxicity over first two cycles (6 wk 
duration) was mild diarrhea and neutropenia. Two patients with colorectal cancer 
achieved a partial response and six others had stable disease. Grade 3 diarrhea and 
neutropenic fever were seen at the highest dose level (22 mg/m7/d), and dose escalation 
was stopped. This treatment scheme delivers 88% of the amount of drug given on a more 
standard weekly x four schedule. The investigators feel that less heavily pretreated 
patients might tolerate higher doses. A Phase I chemoradiation study using this schedule 
with concurrent pelvic RT for locally advanced rectal cancer has been completed but 
there are no data available yet as to the efficacy or toxicity of treatment. 
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1. INTRODUCTION 


Gemcitabine is a novel pyrimidine nucleoside analog with a broad spectrum of clinical 
antitumor activity. In addition to its initial approved indication in pancreatic carcinoma, 
gemcitabine has been licensed for the treatment of nonsmall-cell lung cancer 
(NSCLC) (1). The focus of this chapter will be to examine the current preclinical and 
clinical evidence probing the efficacy of gemcitabine as a clinically useful 
radiosensitizing agent. It will begin by examining the mechanism of action of the 
drug itself at a cellular and molecular level. 


2. PHARMACOLOGY 


Gemcitabine is arelatively new chemotherapeutic agent that belongs to the nucleoside 
analog category (see Fig. 1). It is a synthetic analog of deoxycitidine wherein the two 
hydrogens of the two-carbon atom are replaced with two fluorine atoms (2). Gemcitabine 
is believed to be actively transported across the cellular membrane where it is converted 
to its monophosphate form, 2', 2'-difluorodeoxycytidine monophosphate (dFdCMP), by 
deoxycytidine kinase (3). It is thought that a base-specific (d)CMP kinase catalyzes the 
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Fig. 1. Structure of gemcitabine. 
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Fig. 2. Metabolism of gemcitabine. 


conversion to the dFdCDP form (2) and the nonspecific nucleoside diphosphate kinase 
will lead the conversion to the triphosphate or dFdCTP form (2). This process of conver- 
sion to a phosphorylated compound appears to be essential for the manifestation of the 
cytotoxic properties of the drug (3). The drug itself also begins to act as a substrate 
inhibitor of deoxycytidine kinase at concentrations greater than 20 umol/L (4). This 
provides the rationale for clinical investigations that have attempted to maximize 
gemcitabine triphosphate accumulation in cells by limiting the rate of infusion of the drug 
(5,6). Cytidine deaminase is the enzyme responsible for the rapid clearance of gemcitabine 
during its clinical use, and, fortunately, this deamination product appears to be biologi- 
cally inactive (7). There are other lesser pathways involved in the metabolism of 
gemcitabine whose significance is unknown (see Fig. 2). 

The biologic action of gemcitabine on its own is due almost completely to its effects 
on DNA metabolism. Early studies of this drug in leukemic cell lines showed that notable 
decreases in cellular dNTPs occurred with the use of the drug (8). These decreases were 
most impressive in terms of the levels of 2'-deoxycytidine 5'-triphosphate (dCTP), how- 
ever, 2'-deoxyadenosine 5'-triphosphate (dATP) and 2'-deoxyguanosine 5'-triphosphate 
(dGTP) were also affected. It is felt that part of this is due to the inhibitory effects of 


Gemcitabine in Combined Modality Therapy 107 





gemcitabine diphosphate on ribonucleoside diphosphate reductase (9). There is, how- 
ever, arole for the direct incorporation of the drug into DNA as an additional mechanism 
underlying its cytotoxicity, as seen in experiments where DNA synthesis is not fully 
restored after the addition of missing deoxynucleosides into culture medium (/0). Over- 
all, it is believed that S phase cells, which actively incorporate gemcitabine into DNA, 
are most susceptible to drug-induced apoptosis (//, 12), whichis felt to be the major mode 
of action of the drug. 

Important studies have shown that the triphosphate of gemcitabine can be incorporated 
into extending primer strands by both the a and ¢ forms of the human DNA polymerase 
on a competitive footing with dCTP (/0). Despite the fact that gemcitabine was incorpo- 
rated into the elongating DNA strand at the 3' terminus, it was possible to incorporate one 
other base into the strand after gemcitabine (2) (termed “masked chain termination’), 
although it was difficult to add another dFdCTP. It is felt that the G:C richness of the 
particular sequence as well as the intracellular ratio of dCTP:dFdCTP are key determi- 
nants of strand elongation (2). Equally interesting is the fact that the proofreading abilities 
of DNA polymerase operate at only a fraction of their potential efficiency when it comes 
to excising gemcitabine analogs (/0). The significance of the level of incorporation of 
gemcitabine into DNA and the induction of apoptosis appear to be linked. 

A discussion of the methods underlying the “self-potentiation” of gemcitabine is also 
important when discussing its mechanisms of action. They are outlined below (2): 


1. dFdCDP acts as an inhibitory substrate for ribonucleotide reductase, which is the enzyme 
that produces deoxynucleotides needed for replication and repair. 
2. dFdCTP competes directly with dCTP for incorporation into DNA. 
3. Deoxycytidine kinase, which phosphorylates bases, is inhibited by deoxycytidine and 
dCTP, so, as their intracellular levels fall, more gemcitabine can be phosphorylated. 
4. dCTP is also a cofactor for the activation of (CMP deaminase, which is the enzyme 
responsible for gemcitabine deactivation. Therefore, lower dCTP levels translate into 
less gemcitabine deactivation. 
. dFdCTP also inhibits (CMP deaminase, leading to less gemcitabine deactivation. 
6. At high cellular concentrations dFdCTP inhibits CTP synthetase so that CTP and dCTP 
production is further down regulated. 


Nn 


All of these mechanisms are felt to be important in contributing to the cytotoxicity seen 
with gemcitabine as a sole agent. In fact, an understanding of these interactions will be 
important to fully appreciate the interaction of gemcitabine with ionizing radiation as well. 


3. CLINICAL EFFICACY 


This drug has clinical activity in a number of malignancies including pancreatic, lung, 
ovarian, bladder, and breast cancer (/3). In fact, it was initially approved for the treat- 
ment of metastatic pancreatic cancer based on studies showing that it improved overall 
quality of life (/4, 75). Overall gemcitabine is well tolerated with its major dose limiting 
toxicity being myelosuppression as it is with the other antimetabolites. Nausea and vom- 
iting are not uncommon; however, they are only severe in fewer than 15% of patients. 
Transient rashes that tend to be macular, erythematous, and puritic, flu-like symptoms, 
and alopecia may occur. Optimal systemic dosing of this drug is not necessarily defined 
and certainly the optimal dosing for combined therapy with radiation is undefined at this 
stage. Most regimens using the drug for its systemic effect administer between 800 and 
1250 mg/m? iv once a week for 3 out of a 4-wk cycle (/3). 
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Table 1 
Summary of the Available Preclinical Data on Gemcitabine’s Radiosensitizing Potential 
Cell type Relative enhancement ratio Ref. 
Human colon carcinoma (HT29) 1.76 (20) 
Human colon carcinoma (Widr) 1.08-1.57 (21) 
Hela (human cervical carcinoma) 1.04-2.47 (22) 
Squamous cell carcinoma #4197 1.03-1.67 (22) 
Chinese hamster lung fibroblasts (V79) 1.05-1.45 (21) 
SQD9 human head and neck squamous cell carcinoma 1.3 (23) 
SCC61 human head and neck squamous cell carcinoma 1.5 (23) 
Human pancreatic adenocarcinoma panc-1 1.68 (19) 
Human pancreatic adenocarcinoma BxPC-3 1.74 (19) 
Human breast cancer MDA-MB 231 1.47-1.58 (24) 
Glioblastoma D54 Not sensitized (25) 
Glioblastoma U251 1.7 (25) 


4. PRECLINICAL DATA OF GEMCITABINE AS A RADIOSENSITIZER 


Although the exact mechanism by which gemcitabine serves to sensitize cells to 
damage from ionizing radiation is not well defined, there is burgeoning literature on 
the subject. Nucleoside analogs including fludarabine, cladrabine, and gemcitabine 
are felt to be attractive agents to combine with radiation for multiple reasons. First 
of all, these agents are S phase specific (16) and as such should be selectively toxic 
to proliferating cells. This may serve to decrease the cell proliferation that can occur 
during fractionated radiotherapy. Second, cell cycle redistribution induced by these 
agents can serve to improve cell kill by allowing more cells to be treated in the more 
sensitive parts of the cell cycle (17). As DNA synthesis inhibitors these drugs may 
act to inhibit the repair of radiation-induced DNA damage (18). Finally, as this class 
of drugs acts as DNA chain terminators, if incorporated into areas where DNA repair 
has occurred after radiation, they may cause the triggering of the apoptotic response 
(19). This would serve to extend the cytotoxicity of these nucleoside analogs to non- 
S phase agents. 


4.1. In Vitro 


In addition to the above-outlined cytotoxic effects of gemcitabine, it also serves to act 
as a radiation sensitizer in many cell lines (see Table 1). Depending on the cell line tested, 
the drug concentration, the schedule of administration, and the cell proliferative status 
(e.g., plateau vs exponential growth), relative enhancement ratios (RERs) in the range of 
1.1-2.5 have been reported. There is no evidence that preferential radiosensitization 
occurs in more radioresistant cell lines. 

Initial experiments have shown that gemcitabine has a potent enhancing effect on the 
cellular effects of ionizing radiation; reports with rodent EMT6 (26) cells and with 
HT-29 human colon carcinoma cell lines (27) showed that noncytotoxic concentrations 
of the drug lead to significant enrichment of radiation-induced cell lethality (Fig. 3). In 
the latter study it was found that the noncytotoxic concentrations of the drug (10 nM 
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Fig. 3. Effect of gemcitabine on the sensitivity of HT-29 cells to radiation. Cells were incubated 
with no drug, 3 nM, 10 nM, and 30 nM gemcitabine for 24 h followed by radiation. Surviving 
fraction was corrected for cell survival in the absence of radiation. From Shewach et al. Cancer 
Res 1994; 54:3218-3223. 


dFdCyd for 24 h or 30 nM dFdCyd for 16 h) yielded enhancement ratios of approx 2.0. 
These concentrations of the drug appear to only have effects on the pool of dATP; 
however, higher concentrations of the drug that impact the intracellular levels of dGTP 
and dCTP do not appear to correlate with further increases in radiosensitization. The 
authors concluded that dATP depletion is an important factor in the radiosensitizing 
nature of gemcitabine. 

The group from the University of Michigan also looked at radio sensitization with this 
compound in the pancreatic cancer cell lines, Panc-1 and BxPC-3 (19), which are known 
to differ in their endogenous nucleotide pools by a factor of 10. Although they found that 
the Panc-1 cell line was significantly more resistant to the cytotoxic effects of gemcitabine 
as a single agent, they did find that an equivalent degree of sensitization to radiation 
occurred using 10 nM in the BxPC-3 cells and 100 nM Panc-1 cells (these conditions did 
not lead to appreciable drug-alone-related cytotoxicity). This sensitization lead to 
enhancement ratios of 1.7—1.8 and was significant after 16 h of treatment. The authors 
reported that, while the Panc-1 cells accumulated significantly higher levels of dFdCTP, 
there was no increased sensitization to radiation seen. They felt confident in concluding 
that dFdCTP levels were not the primary determinant of radiation sensitivity in this 
interaction. They went on to look at the effects of gemcitabine on intracellular nucleotide 
pools and found that under conditions where significant radiosensitization occurred the 
levels of 2'-deoxythymidine 5'-triphosphate (dTTP), dCTP, and dGTP were minimally 
affected; however, there was a profound decrease in dATP levels to even less than 1% 
of control values (Fig. 4). When lower concentrations of the drug that did not evoke 
significant radiosensitization were tested, there was not such a marked effect on dATP 
levels and the authors went on to suggest that the intracellular decrease in dATP levels 
is intimately linked to the RERs seen when gemcitabine is used in combination with 
radiation. They went on further to suggest that this gemcitabine effect on intracellular 
nucleotide levels is seen with other radiosensitizing nucleoside analogs including: 
fluorodeoxyuridine (76), which deceases sublethal damage repair and depletes dTTP and 
increase dATP pools, and bromodeoxyuridine (/6), which decreases repair of radiation- 
induced DNA damage and also decreases dCTP and dTTP pools. 
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Fig. 4. The effect of gemcitabine on dNTP pools in human pancreas cells. Panc-1 and BxPC-3 cells 
were exposed for 2—24 h to 100 or 10 nM, respectively. Cells were then assessed for intracellular 
dNTP pools. From ref. 2/. 


The degree of sensitization achieved also appears to be profoundly affected by the 
cell-cycle phase. It is well established that cells in S phase are much more radioresistant 
than cells in other phases of the cell cycle (28). Interesting results from Latz et al. show 
quite clearly that cells that are pretreated with gemcitabine no longer show a progressive 
increase in radioresistance as they move toward DNA replication and therefore sensiti- 
zation appears to be greatest in S phase (2/). 

Gemcitabine’s radiosensitizing abilities also appear to be rooted in its ability to lower the 
threshold for radiation-induced apoptosis to occur (/). Apoptosis, or programmed cell 
death, is distinguished by specific cytologic features. There is also evidence that gemcitabine 
treatment of RKO-P but not RKO-E6 cells leads to increased production of both Bax and 
p53 (29), which are both pro-apoptotic proteins. Certainly this mechanism is seen with other 
cytotoxic drugs and radiation including paclitaxel (30), which when given prior to a single 
treatment with radiation will increase the level of radiation-induced apoptosis that occurs, 
with the effect being dependent on the interval between the drug administration and radia- 
tion delivery. In vivo investigations discussed below show support for the role of apoptosis 
in the radiosensitization that occurs with gemcitabine. Supportive results suggest that one 
of the primary modes of action for gemcitabine’s radiosensitizing abilities, its lowering of 
the apoptotic threshold, come from Belgium where Grégoire et al. have demonstrated that 
radiosensitization with either gemcitabine or fludarabine is not mediated by increased 
induction or repair inhibition of DNA double-stranded breaks (18). In essence the current 
evidence supports the notion that gemcitabine mediated radiosensitization occurs through 
a combination of mechanisms that appear to include nucleotide pool perturbations, cell 
cycle redistribution, and reduction of the apoptotic threshold. 


4.2. In Vivo 


Although the body of preclinical literature examining the radiation—gemcitabine 
interaction is growing, there are a few in vivo studies that have built on the work done 
in cell culture. Joschko et al. from Australia published the first set of experiments 
looking at gemcitabine and radiation with a human tumor xenograft model using Balb 
C athymic nude mice and xenografts created from the injection of FaDu cells isolated 
from a human hypopharyngeal tumor (31). They looked at various schedules of the 
delivery of gemcitabine with 40 Gy in 2 Gy fractions delivered twice daily on d 1-5 and 
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8—12 and assessed the efficacy of the various strategies using growth-delay studies as 
well as assessing apoptosis scores at specified time points. There was no significant 
enhancement of tumor regrowth seen with the daily dose schedule used by the investi- 
gators. They found that when gemcitabine was delivered once weekly at the maximum 
tolerated dose (MTD) (430 mg/kg/injection for the drug alone) with radiation that there 
was aregrowth delay enhancement seen. When the drug was delivered in a twice-weekly 
fashion at the MTD of 160 mg/kg, there was significant enhancement of radiation 
sensitivity as the regrowth enhancement ratio increased to 3.3 + 0.5; however, there were 
60% toxic deaths within the first three weeks. Significant enhancement was seen even 
when the twice-weekly dose was decreased to 100 and 50 mg/kg; however, there were 
still 33% and 22% toxic deaths, respectively. While tumors treated with both radiation 
and gemcitabine showed greater number of apoptotic cells than those treated with radia- 
tion alone, there was no enhancement of apoptosis over the level seen with the drug 
alone. The authors advise that while the twice-weekly schedule lead to radiosensitization 
of tumors, the toxicity seen even with drug levels significantly lower than the MTD of 
the drug on its own should cause investigators to proceed cautiously in their develop- 
ment of human dose schedules. 

An interesting report of in vivo work looking at different scheduling schemes was also 
recently published wherein the authors have two major conclusions (32). First of all they 
saw that for equal gemcitabine induced toxicity with once-weekly and twice-weekly drug 
regimens, the twice-weekly regimen produced significantly more radiation-induced 
mucosal sensitization when radiation was added to the drug delivery. From this observa- 
tion they suggest that proper dose-finding studies likely need to be done with each 
particular drug—radiation combination before embarking on phase II trials. Their second 
observation was that the twice-weekly dosing schedule produced a higher therapeutic 
index with a greater antitumor effect than once-weekly dosing. 

In a similar in vivo experiment performed in an attempt to find optimal scheduling of 
drug delivery in combination with radiation, Milas et al. (33) found the largest enhance- 
ment of growth delay when the drug was delivered 24—60 h before irradiation in mice 
bearing SA-NH (murine sarcoma model) tumors. Interestingly, the use of gemcitabine in 
combination with radiation also decreased the rate of developing lung metastases in those 
mice that attained durable local control from 73% in those treated with radiation alone 
to 40% in the combined modality group. This observation has been confirmed in a second 
study with a larger number of mice (34). This preclinical work is supportive of the 
principles of combined modality therapy in that gemcitabine helped in minimizing the 
primary tumor burden and this translated into decreased systemic spread of tumor cells 
in a significant percentage of study animals. 

These same authors also report a dose-dependent increase in the apoptotic rate after 
the administration of gemcitabine (33), which they believe correlates with the elimina- 
tion of the more radioresistant S phase population of cells and redistribution of the 
remaining cells into more radiosensitive compartments of the cell cycle. They also report 
in another study that reoxygenation of the resistant hypoxic fraction of tumor cells is also 
a mechanism for the action of gemcitabine (34). Therefore, elimination of these S phase 
tumor cells may aid the radiation response by not only causing cell cycle synchronization 
but also by leading to reoxygenation of hypoxic cells. 

The early clinical experience, which is described in greater detail in a later section 
of this chapter, lead clinical investigators to realize that gemcitabine, while able to 
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significantly impact on tumor response, also appeared to lower the clinical threshold 
for the induction of pneumonitis. As such, Grégoire et al. undertook experiments to 
look at the lung tolerance (35) using a LD5 scheme where the dose of thoracic radia- 
tion, treating mice with radiation alone was compared to gemcitabine administration 
3 and 48 h prior to irradiation. They found that the combined treatment with 
gemcitabine and radiation lead to a slight enhancement of the pulmonary effects of 
radiation with a dose modifying factor of approx 1.10. They suggest that the earlier 
death of mice treated with gemcitabine 3 h prior to irradiation might be due to an 
increase in esophagitis in this group although they did not have data to support this. 
They conclude that at least with single dose irradiation that gemcitabine minimally 
enhanced lung sensitivity to radiation, and they suggested that in order to avoid un- 
expected toxicities proper phase I/II trials be performed. Mason and the group from 
the MD Anderson Cancer Center (34) looked at the enhancement of the radiation 
effect in the normal jejunum and found there was a significant schedule-dependent 
increase in the effect of radiation with enhancement ratios of up to 1.46. They also 
caution that proper dose-finding studies need to be done prior to forging ahead with 
larger-scale clinical trials. 

Overall the preclinical data derived from both in vitro and in vivo studies suggest that 
gemcitabine holds the potential to be a very potent and useful complementary treatment to 
be used with ionizing radiation. These studies as a whole suggest that it acts through several 
mechanisms including nucleotide pool perturbation, reduction of the apoptosis threshold, 
cell cycle redistribution, and possibly by the reduction of tumor cell hypoxia to increase the 
effectiveness of ionizing radiation at controlling malignant neoplasms. 


5. EARLY CLINICAL EXPERIENCE 


As the preclinical data have suggested, gemcitabine is indeed a potent radiosensitizer. 
There are notable case reports in the literature of normal tissue toxicities occurring in 
patients that are felt to be related either to the drug alone (e.g., acute interstitial pneu- 
monitis) (36,37) or to the combination of gemcitabine and radiation. Radiation recall 
dermatitis is one of those toxicities reported to have occurred in relation to the combi- 
nation of the two agents (38,39). In one of the reported cases (38) a patient who had 
initial treatment with a lumpectomy, axillary node dissection, ipsilateral breast radia- 
tion, and adjuvant cyclophosphamide, methotrexate and 5-fluorouracil (CMF) chemo- 
therapy for breast cancer presented 3 yr later with metastatic disease in the spine for 
which she received localized radiotherapy to the lumbosacral spine prior to starting 
systemic therapies. In the course of her illness she developed a confluent erythematous 
maculopapular rash on her back exactly corresponding to the area of the previous spine 
radiation within 2 wk of starting gemcitabine. This rash gradually receded with cessa- 
tion of gemcitabine chemotherapy. 


6. ONGOING CLINICAL EXPERIENCE 


Although the systemic activity of gemcitabine has been examined in many tumor sites, 
the role of this drug in combined modality therapy remains undefined for a number of 
human tumors. The following is an overview of the current results of investigations involv- 
ing gemcitabine in locally advanced tumors in combination with ionizing radiation. 
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Table 2 

EORTC Gemcitabine Dose-Escalation Scheme 
Dose Dose gemcitabine Schedule Number 
level administered of drug administration of patients 
1 300 mg/m? dl 3 
2 300 mg/m? d1, 15 3 
3 300 mg/m? d1, 15,29 3 
4 300 mg/m? d 1,8, 15,29 3 
5 300 mg/m? d 1, 8, 15, 22, 29 3 
6 300 mg/m? d 1, 8, 15, 22, 29, 36 3 
7 450 mg/m? d 1, 8, 15, 22, 29, 36 3-6 
8 600 mg/m? d 1, 8, 15, 22, 29, 36 3—6 


2 


“If unacceptable toxicity occurs with 300 mg/m”, then the dose will be decreased to 200 mg/m” with 


the same intensification schedule. 


6.1. Lung 


The results of the initial reported clinical trial in the setting of the treatment of locally 
advanced NSCLC have had sobering effects on the oncologic community. Scalliet et al. 
(40) reported on their phase II experience conducted between October 1994 and August 
1995. They enrolled eight patients in a protocol that planned to give gemcitabine in “full” 
doses of 1000 mg/m? weekly for 6 wk concurrently with thoracic radiation to a total dose 
of 60 Gy delivered in 2 Gy fractions daily for 6 wk. Of the eight treated patients, seven 
had a greater than 50% reduction in their primary tumors with four of five patients also 
responding in the nodes. These investigators also saw a parallel increase in toxicity. Three 
of the eight patients died of radiation-related toxicities and the other six patients suffered 
from either serious acute or chronic radiation side effects. There was no formal phase I 
data concerning drug and radiation dose or schedule prior to the start of this trial; how- 
ever, this treatment approach proved to be unacceptable. A retrospective analysis (4/) 
of the treatment fields revealed that they tended to be rather generous with the coverage 
of quite large primary tumors and prophylactic treatment of lymph node groups. It is 
generally felt that the large portals used in this trial may account for some of the excessive 
toxicity seen. 

After this disappointing experience, investigators from the European Organization for 
Research and Treatment of Cancer (EORTC) have designed a phase I trial with an 
original escalation scheme (42) in order to more definitively examine the role of concur- 
rent gemcitabine radiation for NSCLC. Given the impressive preclinical data shown 
earlier in this chapter that gemcitabine is a potent radiation sensitizer, it was felt that 
further trials were warranted prior to abandoning the use of the drug in a concurrent 
fashion. In this new trial (see schema in Table 2) several cohorts have been planned where 
the gemcitabine dosing (300 mg/m?) is increased by adding to the number of weekly 
doses administered concurrently with radiation prior to escalating the dose of the chemo- 
therapy. Additional constraints added to the trial in order to minimize toxicity include 
limiting the planning target volume to less than or equal to 2000 cm’. The trial remains 
ongoing, and as of the last report the first six cohorts had been enrolled and in the first 
four cohorts there have been at least five partial or complete responses in 12 patients with 
only one case of significant acute pulmonary toxicity (RTOG Grade 3). 


Table 3 
Phase I and II Trials of Concurrent Gemcitabine and Radiation in Locally Advanced NSCLC 





Number Survival 
Study Chemotherapy details Radiotherapy details of patients Toxicity Response (months) 
Groen (44) As outlined in Table 1 60 Gy delivered 18 in cohorts 1-6 1 acute (Gr 3) 4CR N/A 
(Phase I) with concurrent chemo* sore throat, 7PR 
4 late lung (Gr 2) 3 ?PR 
3 SD 
1 PD 
Goss (45) 4 cycles 60 Gy delivered 9 total Level 2 N/A 8 of 9 alive 
(Phase I) IV Gem” + CDDP concurrent with cycle 1 3 level 1 3/6 Gr 3-4 at 80 wk 
d 1, 8, 15 repeat d 28 of chemo 6 level 2 esophagitis, of follow-up 
Level 1-CDDP 20, 2-Gr 3 
Gem 150 mg/m’, skin reaction 
Level 2-CDDP 25, 
Gem 150 mg/m? 
Fossella (46) TV Gem weekly x 7 wk 63 Gy delivered 5 with No grade 3 2 PR, Not reported 
(Phase I) starting at 125 mg/m with concurrent 3D XRT esophagitis 2 SD 
+4 cycles of Gem 3D radiation 9 with 5 with 6 PR 
& CDDP 2D XRT Gr 3 


esophagitis 


Blackstock (47) 
(Phase I/II) 


Chrysofakis (48) 
(Phase I/II) 


Gonzales (49) 


Vokes (43) 
(Phase II) 


Twice-weekly 
Gem during XRT 
q M and Th 
starting at 10 mg/dose 


Weekly Gem 
and CDDP (15 mg/m”) 
during XRT 


Weekly Gem 
during XRT 
(200-600 mg/m?) 


4 cycles: 
Cisplatin 80 mg/m? 
on d 1, 22, 43, 64 
Gemcitabine 
1250 mg/m? 
d 1, 8, 22, 29 
600 mg/m? 
d 43, 50, 64, 71 


60 Gy conformal 
XRT delivered 
with concurrent chemo 


60 Gy delivered 
with concurrent chemo 


50 Gy 
with concurrent chemo 


66 Gy starts at d 43 
with concurrent chemo 


14 total 2Gr3 
esophagitis 
at 35 and 50 mg doses 
and 1 Gr 3 
pneumonitis 
at 35 mg dosing 
38 total Dose-limiting 
esophagitis 
and neutropenia 
at 125 
and 150 mg/m? 
20 total 


49% Gr 3-4 
esophagitis 
during 
concurrent phase 


53 patients 


*The PTV is restricted to less than 2000 cm*. Gem” = gemcitabine, @Cis = cisplatin. 


1 CR 
10 PR 
1 SD 
1 PD 


24 PR 


Not reported 


70% response 
rate 


Not reported 


Not reported 


Not reported 


18.4 mo 
median 
survival 
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This caution has been tempered by the results of a recent Cancer and Leukemia Group 
B (CALGB) study (43) that looked at concurrent chemoradiotherapy in a randomized 
phase II trial with three arms using the newer generation of chemotherapy agents with 
cisplatin. In this trial patients with inoperable stage IHI NSCLC with ECOG performance 
status 0 or 1 and no prior treatment entered the protocol and were randomized between 
the following arms: ARM 1—gemcitabine at a dose of 1250 mg/m? on d 1, 8, 22, and 29 
and 600 mg/m? on d 43, 50, 64, and 71; ARM 2—paclitaxel at a dose of 225 mg/m? over 
3 hon d 1 and 22 and 135 mg/m? on d 43 and 64; and ARM 3—vinorelbine at a dose of 
25 mg/m? ond 1, 8, 15, 22, and 29 and 15 mg/m? on d 43, 50, 64, and 71. X-ray therapy 
(XRT) was initiated on d 43 at 200 cGy per fraction (total dose 66 Gy). Patients in all three 
arms received four cycles of cisplatin at 80 mg/m? on d 1, 22, 43, and 64. At the last 
report with 180 patients analyzed there were no statistical differences between the arms, 
although the patients treated on the cisplatin-gemcitabine arm appeared to have numeri- 
cally superior outcomes in terms of median survival, l-yr survival, and failure-free 
survival. The study investigators felt that this regimen was active in locally advanced 
NSCLC with acceptable toxicities (49% of patients experienced grade 3/4 esophagitis). 

In a strategy that proposes to maximize radiation sensitization, Blackstock et al. at 
Wake Forest University have recently completed a phase I trial of twice-weekly 
gemcitabine and thoracic radiation (47). The rationale for evaluating a twice-weekly 
dosing schedule was based on preclinical data suggesting gemcitabine possesses greater 
radiation-sensitizing activity if dosed more frequently. Lawrence et al., reporting data 
from the University of Michigan, have shown that the radiation-sensitizing effect of 
gemcitabine is lost 48-72 h after the drug is administered, leading the authors to suggest 
that a twice-weekly gemcitabine schedule may produce greater radiation sensitization 
than a less frequent dosing schedule (20). Fields et al., evaluating gemcitabine and con- 
current radiation in a squamous carcinoma xenograft, determined a twice-weekly dose 
of 100 mg/kg administered with radiation resulted in a greater antitumor effect than the 
same radiation given with a much higher once-weekly dose of 800 mg/kg (32). A similar 
tumor growth delay with twice-weekly gemcitabine and radiation was observed in a 
colon adenocarcinoma xenograft in experiments performed by Blackstock et al. (50). 
To date, the investigators at Wake Forest have enrolled 24 patients with stage IIIa/IIIb 
into a phase I/II study of twice-weekly gemcitabine and thoracic radiation. The 
gemcitabine was administered via a 30 min infusion twice-weekly for 6 wk concurrent 
with 60—66 Gy conformal thoracic radiation. Of the 24 patients entered, 17 were enrolled 
into the phase I portion of the study and were evaluable for toxicity. The dose-limiting 
toxicity at 50 mg/m? given twice-weekly (100 mg/m?/wk) was grade III/IV esophagitis. 
The overall complete and partial response was an encouraging 88% and the median 
survival for the entire group was 18.0 mo. This study will soon enter phase II testing by 
the CALGB; patients will receive two cycles of induction gemcitabine and carboplatin 
followed by thoracic radiation to 70 Gy concurrent with twice-weekly gemcitabine at a 
dose of 35 mg/m? (70 mg/m?/wk). 

Several other small phase I or phase I/II studies looking at the concurrent administra- 
tion of gemcitabine and radiation with or without other agents have been reported in 
abstract form (Table 3). In general these trials illustrate that gemcitabine can be safely 
administered with radiation in NSCLC patients. However, their small numbers and the 
fact that they are reported from only a few select institutions have not fully conquered the 
fears that many have about concurrent administration of this agent with radiation. 
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Table 4 
Proposed RTOG Gemcitabine Dose-Escalation Schema 

Level Gemcitabine dose Carboplatin dose Number 
(Arm A) (mg/m /wk) (AUC) of patients 
0 300 — 3—6 
1A 300 2 3—6 
2A 450 2 3-6 
3A 600 2 3-6 
4A 750 2 3-6 
5A 900 2 3-6 

Level Gemcitabine dose Paclitaxel dose Number 
(Arm B) ( mg/m?/wk) ( mg/m?/wk) of patients 
1B 300 30 3-6 
2B 450 30 3-6 
3B 450 40 3-6 
4B 600 40 3-6 
5B 600 50 3-6 
6B 750 50 3-6 
7B 900 50 3-6 


Currently, the RTOG is planning what may serve to be the definitive dose finding trial 
in the area of concurrent gemcitabine and radiation (/). This will be a two-arm phase I 
trial where one arm will be treated with carboplatin, gemcitabine, and concurrent radia- 
tion to a total dose of 63 Gy. While toxicity evaluations are occurring with patients in arm 
1, new patients will be entered on the second arm where they will be treated with paclitaxel, 
gemcitabine, and radiation to 63 Gy. The proposed dose-escalation scheme is seen in 
Table 4. This trial will ultimately prove to be key to future efforts to incorporate 
gemcitabine into combined modality therapy with radiation in NSCLC. 


6.2. Head and Neck 


The limited experience to date in this tumor site combining external beam radiation 
with gemcitabine spans a variety of treatment strategies and dosing schemes. In phase 
I data from Jaremtchuk et al., patients with locally advanced (unresectable) head and 
neck cancer received increasing doses of weekly gemcitabine starting at a dose of 
100 mg/m? (5/). Radiation was delivered using standard fractionation to a total dose of 
70 Gy given over 7 wk. Owing to unacceptable grade IV mucositis observed in the first 
patient cohort, resulting in a subsequent dose deescalation, the MTD determined in this 
trial was 75 mg/m?. The trial was again modified to allow for the administration of 
amifostine, a thiol-containing compound that protects against radiation-induced xeros- 
tomia and mucositis. The MTD for gemcitabine in the ongoing amended study has not 
been determined; patients have been successfully treated at the 100 mg/m? dose level 
and accrual continues at 125 mg/m?. Although the data are preliminary, the investigators 
have observed complete and or partial response in 21 of the 23 patients enrolled thus far. 
Comparable results from a similar study evaluating single agent gemcitabine and radia- 
tion have been reported by Wildfang et al. (54). Gemcitabine was delivered weekly at 
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an initial dose of 200 mg/m? concurrent with either 70 Gy in patients with untreated 
disease or 26—40 Gy in patients previously treated. The authors report a response rate 
of 80% in previously untreated patients and conclude that weekly gemcitabine at a dose 
of 100 mg/m? and full dose radiation was tolerable. The results of a very important study 
evaluating concurrent gemcitabine and radiation were recently reported by Eisbruch 
et al. (55). Twenty-nine patients with unresectable head and neck cancer received a 
course of radiation (70 Gy over 7 wk) concurrent with weekly infusions of gemcitabine; 
range 300 mg/m? to 10 mg/m?. The authors report severe acute and late mucosal and 
pharyngeal-related toxicities that required deescalation of the initial 300 mg/m? 
gemcitabine dose in successive patient cohorts. No dose-limiting toxicities were 
observed in patients at the 10 mg/m? dose level. Consistent with the prior studies, the 
rate of complete tumor response was an encouraging 66% to 87% seen in the various 
patient cohorts. As a laboratory correlative to this clinical trial, the investigators sought 
to assess whether the intracellular tumor incorporation levels of the active drug metabo- 
lite, 2',2'-difluoro-2'-deoxycytidine triphosphate (dFdCTP), were compatible with 
levels that cause radiosensitization in vitro. In this effort, tumor biopsies were per- 
formed in patients after the first infusion of gemcitabine prior to all radiation and the 
intracellular concentrations of dFdCTP were determined. Although the authors report 
a trend toward higher amounts of dFdCTP at the 300-mg/m? compared with the 50- and 
150-mg/m/? dose levels, the difference in the average values among the three doses was 
not statistically significant. As suggested by the authors, these data indicate that 
gemcitabine is a potent radiosensitizer at concentrations well below cytotoxic levels. 

Gemcitabine delivered concurrently with other chemotherapeutic agents and radiation 
has also been evaluated in limited studies. Benasso et al. have reported the preliminary 
results of a phase II study of concurrent gemcitabine, cisplatin, and radiation in a cohort 
of 14 patients with either stage IV or recurrent squamous cell carcinoma of the head and 
neck (56). The treatment regimen consisted of cisplatin (20 mg/m?) administered on d 1- 
5 during the first and fifth week with gemcitabine (800 mg/m?) given on d 5, 12, 19, 33, 
40, and 47 of therapy. Patients received standard radiation to doses in the range of 60— 
64 Gy during wk 2—4 and 6-8 of the concurrent chemotherapy. Although a complete 
response was seen in 85% of patients, significant gemcitabine dose modifications were 
required and toxicity was significant. Grade III/IV neutropenic fevers, anemia, and 
mucositis was seen in 57%, 29%, and 100% of patients, respectively. Two patients died 
of acute hemorrhages within 1 mo of completing therapy. Clearly this strategy attempting 
to incorporate full dose gemcitabine with weekly cisplatin and radiation in patients with 
head and neck cancer will require future dose/scheduling modifications to reduce tox- 
icity. Investigators from the University of Chicago/Michael Reese Hospital have also 
recently reported the early results of their phase I/II trial evaluating concurrent radiation, 
gemcitabine, 5-fluorouracil, and paclitaxel (57). As part of the phase I study, patients 
received increasing doses of gemcitabine, starting at 50 mg/m? then escalated in 50 mg/m? 
increments. Thus far, 18 patients with either recurrent or locally advanced cancers of the 
head and neck have been entered into the trial. Grade HI/IV neutropenia was seen in five 
patients, while grade HI and IV mucositis was seen in eight and four patients, respec- 
tively. In the 14 patients evaluable for response, a complete and/or partial response was 
observed in 10 patients. The investigators determined that toxicity was unacceptable at 
the 150 mg/m? dose level and have elected to reduce the number of cycles of gemcitabine 
given with radiation and continue to dose escalate. 
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In our review of the available data, concurrent gemcitabine and radiation possesses 
high activity in the treatment of advanced cancers of the head and neck. Unfortunately, 
the toxicity of this combination also appears to be significant. Strategies to reduce tox- 
icity are needed in future clinical trials evaluating this combination. 


6.3. Gastrointestinal 


The treatment of pancreatic cancer continues to be challenging. Standard treatment 
with 5-FU-based regimens and radiation has resulted in 5-yr survival rates of 15-20%. 
In locally advanced and metastatic patients, the median survival is less than 10 mo. 
As such, investigators have tried to improve outcomes by incorporating novel agents like 
gemcitabine into therapy (Table 5). 

During the 2000 American Society of Clinical Oncology meeting, the Wilkowski 
group presented their results on radiochemotherapy with gemcitabine and 5-FU for treat- 
ment of locally advanced pancreatic cancer. Patients received one cycle of GEM/cisplatin 
before and three cycles subsequent to radiation. (Gemcitabine 1000 mg/m? and cisplatin 
50 mg/m? on d 1, and 15, q 29 days.) Thirteen patients were treated with concurrent 
radiotherapy including gemcitabine (300 mg/m”, on radiation d 1, 15, and 29) and 5-FU 
(350 mg/m? continuous infusion). Radiation therapy fields included the pancreatic tumor 
and regional lymph nodes. The dose delivered was 45 Gy at 1.8 Gy per fraction. Among 
12 evaluable patients, 42% showed clinical complete response (CCR), and 33% showed 
clinical partial response (CPR). While downstaging was shown in 70% (7/10) of patients, 
resectability as the primary goal of the trial was achieved in 5/13 (38%) patients 
(four RO-resection, one R1-resection) (58). 

The Kentucky group reported the results of their phase I/II dose escalation study. 
Gemcitabine was delivered at a dose of 50 mg/m? over 24 h with radiation. The dose was 
increased in 50 mg/m? increments. The radiation dose was 40 Gy plus a boost at 1.8 Gy 
fractions. The clinical tumor response was evaluable in 12 unresectable patients. Five 
patients had a cCR of (42%), four patients (33%) had cPR after being treated with 
gemcitabine and radiation concurrently (59). Other ongoing phase I studies also found the 
concomitant delivery of GEM and radiation to be feasible (60-63). 

At Emory, a phase I/II study led by Landry et al. demonstrated that neoadjuvant 
treatment with gemcitabine/cisplatin/5-FU for two cycles followed by accelerated 
hyperfractionated radiation (1.5 Gy bid to 49.5 Gy) with continuous infusion 5-FU 
(225 mg/m?) in advanced GI malignancies was feasible. The authors reported an encour- 
aging 45% response rate (one cCR, one pCR) in 11 locally advanced pancreatic cancer 
patients. The maximum tolerated dose of gemcitabine with this combination regimen was 
175 mg/m? on d 1 and 5 of a5-d regimen for two cycles (64). The combination regimen 
is now part of a randomized phase II trial being conducted by the Eastern Cooperative 
Oncology Group (ECOG). 

Blackstock et al. reported a promising radiation—gemcitabine regimen in a phase I 
study. A dose of twice-weekly gemcitabine at 40 mg/m? for 5 wk concurrent with 
50.4 Gy of radiation to the pancreas was tolerable in pancreatic cancer patients with a 
20% response rate in 15 evaluable patients. Three out of eight patients with a minimum 
of 12 mo follow up were alive (65). Based on these data, Cancer and Leukemia Group 
B (CALGB) conducted a phase II trial to examine the efficacy of concurrent twice- 
weekly Gemcitabine (40 mg/m?) and radiation (50.4 Gy) treatment regimen in patients 
with locally advanced pancreatic cancer. The preliminary result showed 55% of the 
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Table 5 


Gemcitabine-Based Chemoradiation for Pancreatic Cancer 


Regimen 


Results 


Ref. 





Phase I/II: Gemcitabine + RT (50.4 Gy) 


Phase I/II: Gemcitabine + RT (40 Gy = boost) 
Phase I/II: Gemcitabine + Cisplatin + 5-FU + RT 
(49.5 Gy 1.5 Gy bid) —> Surg 
Gemcitabine + Cisplatin RT + Gemcitabine 
+ 5-FU — Gemcitabine + Cisplatin 


Pilot protocol: Post-op: RT (45-54 Gy) 
+ 5-FU — Gemcitabine 

Phase I: Pre-op Gemcitabine + RT (50.4 Gy) 
+ Post-op Gemcitabine 


Phase I: Cisplatin + Gemcitabine + RT (45 Gy) 
Phase I: Gemcitabine + RT (50.4 Gy) 


Gemcitabine 40 mg/m? twice weekly with RT 

is well tolerated, median survival 7.9 mo 
42% (5/12) cCR, 33% (4/12) cPR, no late toxicity 
45% (5/11) response rate (1 cCR, 1 pCR) 


12 patients, 42% cCR, 33% cPR 

70% (7/10) downstaging 38% (5/13) become 
resectable (4 RO-resection, 1 R1-resection) 

Gemcitabine after Post-op ChemoRT is feasible 


Surgical resection rate 68% 
Median survival 19 mo 
MTD 600 mg/m? 

The MTD has not been reached 

The MTD has not been reached 


Blackstock, personal communication 
Blackstock, personal communication 
(59) 
(64) 


(58) 


(60) 


(63) 
(62) 
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patients completed the chemoradiation portion of the study without treatment delays. 
With a median follow-up of 10 mo, the median overall and failure-free survival was 
7.9 mo and 5.7 mo, respectively. Of 38 evaluable patients, 25 had pretreatment CA 19-9 
above 75 % and of these, 17 experienced a greater than 75% decrease during treatment. 
(Blackstock, personal communication.) 

At Fox Chase, Hoffman et al. recently completed a phase I dose-escalation study of 
GEM given weekly with radiation therapy to 50 Gy preoperatively in marginally resect- 
able pancreatic cancer. They treated 25 patients on the protocol, three patients at 300 mg/m”, 
six at400 mg/m?, six at 500 mg/m’, five at 600 mg/m”, and five at 700 mg/m?. Gemcitabine 
was given weekly over 30 min with the radiation (field size was 3 cm area around the gross 
tumor volume to 39.6 Gy, then reduced to 2 cm margin for the last 10.8 Gy for a total dose 
of 50.4 Gy). Seventeen patients underwent surgical resections (68%). Toxicities were 
primarily mild hematologic, but there was one localized perforation of a gastric ulcer in 
a patient who was very malnourished at 400 mg/m? and one patient at 700 mg/m? devel- 
oped atwo unit bleed from gastritis. These (the perforated and the bleeding ulcers) were 
in the treatment fields and happened 2-3 wk after radiation completion. The second 
toxicity at 700 mg/m’, which defined the MTD, was thrombocytopenia (51,000) on two 
occasions during radiation, necessitating drug withholding twice. There was one in hos- 
pital postoperative death from a myocardial infarction 3 mo after resection. The median 
survival of those resected was 19 mo. The recommended phase II dose of gemcitabine is 
600 mg/m?. This trial supports gemcitabine as a potent radiation sensitizer resulting in 
an increased median survival and surgical resection rate. (Personal communications, 
John Hoffman, ECOG meeting July 2000.) 

Gemcitabine has displayed activity in other aerodigestive tract malignancies such as 
both small- and nonsmall-cell lung cancer and squamous cell carcinoma of the head and 
neck. Given this information, it was logical to study this agent in esophageal carcinoma. 
In a phase II study, Sandler et al. observed no response in 17 evaluable patients with 
chemonaive metastatic esophageal carcinoma at a dose of 1250 mg/m? given over 30- 
60 min on d 1, 8, and 15 followed by 1 wk of rest with a maximum of six cycles (66). 

The reports of phase II trials of gemcitabine in other GI tumors except for pancreatic 
cancer have likewise been less encouraging. Abbruzzese et al. reported no major 
responses in advanced colorectal cancer when treating with gemcitabine at a dosage of 
800 mg/m? three times a week (67). Other phase II studies also showed gemcitabine had 
little antitumor activity (3%—4%) in colorectal cancer (68,69). In two phase II studies of 
gemcitabine (800 mg/m?-1000 mg/m? weekly) in patients with gastric cancer, the 
response rates ranged from 0% to 4%. At this tested schedule, the drug has no relevant 
antitumor activity in gastric cancer (70,71). Gemcitabine does however show activity 
against advanced hepatocellular carcinoma and cholangiocarcinoma. In phase II studies, 
the response rate seems to be particularly promising with up to a 25% response and low 
toxicity profile (72-74). In a Taiwanese study of hepatocellular carcinoma (HCC) 
patients, 28 patients with unresectable and nonembolizable HCC received gemcitabine 
1250 mg/m? weekly x 3 q 4 wk. A 17.8 % response rate was seen but the response duration 
was short-lived (73). Fuloria et al. obtained a response rate of 25% by adding cisplatin 
to gemcitabine (75). Weissmann et al. using intraarterial gemcitabine 1200 mg/m? for 
eight cholangiocarcinoma patients found a 25% response rate in their pilot phase II study. 
This study showed that intra-arterial administration is feasible and well tolerated (74). 
Given the overall lack of impressive activity in advanced disease in these disease sites 
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there has not been a great impetus to pursue combined modality therapy treatment that 
might incorporate gemcitabine in locally advanced disease. 

Based on the promising phase I/II result from Landry et al., ECOG is planning a 
randomized phase II study to compare gemcitabine with radiation vs gemcitabine/ 
cisplatin/5-FU followed by radiation and 5-FU in marginally resectable pancreatic 
carcinoma patients. The Radiation Therapy Oncology Group (RTOG) study 9704 is a 
phase III study of postoperative adjuvant treatment of resected pancreatic carcinoma 
evaluating postoperative chemoradiation (50.4 Gy + 5-FU at 250 mg/m?/d), preceded 
and followed by systemic chemotherapy with randomization to either 5-FU or 
gemcitabine. This trial will evaluate whether there is a survival advantage to giving 
gemcitabine compared to 5-FU in patients with resectable pancreatic cancer. To deter- 
mine the pharmacokinetics of gemcitabine concurrent with radiation treatment, the 
NCI has initiated a phase II study of neoadjuvant intraperitoneal gemcitabine and 
intravenous gemcitabine with radiation followed by surgery and adjuvant intraperito- 
neal gemcitabine, intravenous gemcitabine, and 5-FU in patients with advanced pan- 
creatic cancer. 

Gemcitabine has proven activity in the treatment of pancreatic cancer, in terms of 
clinical benefit, response rate, and survival, and is rapidly becoming the standard therapy 
for advanced pancreatic cancer worldwide. Optimizing the treatment schedule both in 
single-agent and combination therapy deserves high priority. Gemcitabine seems to be 
a potent radiosensitizer; there are ongoing trials in which it is combined with radiation. 
Preliminary phase I and II clinical results show that concurrent gemcitabine and radiation 
is feasible and promising. However, the optimal schedule for concomitant delivery of 
drug and radiation remains to be determined. 


6.4. Other Sites 


In general little has been published on the use of this drug in combined modality 
therapy in other disease sites. Of note is one phase II study from Thailand showing that 
the external beam portion of treatment with radiation and gemcitabine (iv weekly 300 mg/m?) 
yielded very high response rates (17 of 19 CRs) with minimal morbidity in stage IIIB 
carcinoma of the cervix. These very early results are encouraging (76). Ultimately, the 
role of this drug and its administration with radiotherapy in other potentially curable 
diseases is undefined at this moment. 


7. CONCLUSIONS AND THE FUTURE 


Ultimately the future of combined modality therapy looks bright for several of the 
major tumor sites. The role of gemcitabine in combination with radiation remains 
to be determined in many malignancies largely because trials have progressed slowly 
because of the initial clinical experience with this combination. Oncologists will hope- 
fully have learned from the initial worrisome experience in lung cancer that proper phase 
I trials designed with an understanding of the interaction between radiation and the drug 
in question really need to be undertaken prior to starting novel therapies. The current 
series of ongoing trials will help determine the ultimate utility of the gemcitabine and 
radiation combination. It is hoped that the results of preclinical studies showing the 
potency of gemcitabine’s radiosensitizing properties will be realized while normal tissue 
toxicities can be minimized. 
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1. INTRODUCTION 


Malignant glioma afflicts approx 10,000 patients per year in North America. Since the 
publication of the Brain Tumor Study Group (BTSG) 6901 study results in the late 1970s, 
the standard management of patients with malignant glioma has been maximal surgical 
resection without compromise of neurologic function, followed by postoperative cranial 
radiation therapy (RT) to 60 Gy with or without nitrosourea-based therapy (/). The term 
malignant glioma includes a heterogeneous group of tumors including anaplastic astro- 
cytoma (AA), glioblastoma multiforme (GBM), anaplastic oligodendroglioma (AO), 
anaplastic mixed tumors, and malignant glioma not otherwise specified. These histolo- 
gies are associated with different responses to chemotherapy and radiation therapy (RT) 
as well as different natural histories and survival expectations. Typical median survival 
times (MSTs) with therapy for patients with GBM and AA with standard therapeutic 
approaches are 10—12 mo and 30—40 mo, respectively (2). Genetic characteristics of 
primary brain tumors have been correlated with treatment response and clinical outcomes 
as shown by Cairncross et al., who demonstrated that allelic loss of chromosome 1p 
predicted increased response to chemotherapy and longer survival (3). Despite 
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improvements in operative and perioperative management, radiotherapeutic techniques, 
and supportive measures, little progress has been made in prolonging survival for the 
majority of patients with malignant glioma. The purpose of this chapter is to review the 
literature on the combined modality treatment of patients with malignant glioma, focus- 
ing on the data from prospective randomized trials, and to briefly discuss future directions 
in research to improve outcome for patients affected by this disease. 


2. RESULTS WITH SURGERY AND RADIATION THERAPY 


In the late 1960s and early 1970s, several trials randomized patients to postoperative 
regimens containing cranial RT or to surgery alone. In both BTSG 6901 and the trial 
conducted by the Scandinavian Glioblastoma Study Group, there was a doubling or 
greater of MST favoring the RT-containing arms. These trials established the critical 
nature of using full-dose RT as a component of postoperative therapy. Additionally, 
BTSG 6901 and its successor trial BTSG 7201, demonstrated a small but statistically 
significant difference in survival favoring the arms containing RT and chemotherapy 
over RT alone. In these two trials, the MSTs for patients receiving combined therapy vs 
surgery alone were 35 and 16 wk and 44 and 21 wk, respectively. Unfortunately, no 
substantial improvements in survival have been observed since those trials. 

The BTSG conducted a multicenter prospective randomized trial from 1969 to 1972 
(Trial 6901) to evaluate the efficacy after surgery of BCNU as single-agent chemo- 
therapy, radiotherapy, and the combination of BCNU and radiation compared to best 
supportive care (/). A total of 303 patients were entered of whom 222 (73%) met protocol 
criteria and were considered the valid study group (VSG). Patients were divided into four 
random groups, and received BCNU (80 mg/m?/d on three consecutive days every 6-8 wk), 
and/or whole brain radiation therapy using doses of 50—60 Gy, or best conventional care 
exclusive of adjuvant chemotherapy or radiotherapy. Analysis was performed on all 
eligible patients and also on the adequately treated group of patients (ATG), defined as 
those who had received radiotherapy consisting of 50 Gy or more, two or more courses 
of chemotherapy, and had a minimum survival of at least 8 wk (the time interval required 
to complete such treatment). Median survival of VSG patients was 14 wk with best 
supportive care, 18.5 wk with BCNU, 35.0 wk with radiotherapy, and 34.5 wk with 
radiotherapy and BCNU. In the ATG the comparable survivals by treatment group were 
17.0 wk, 25.0 wk, 37.5 wk, and 40.5 wk, respectively. The improvement in MST seen in 
patients treated with BCNU only compared to those treated with supportive care was of 
marginal significance (p = 0.119). However, the addition of whole brain radiation, alone 
orin conjunction with BCNU, provided a statistically significant improvement in median 
survival time (p = 0.001). There was no apparent survival difference between patients 
receiving BCNU and radiotherapy vs radiotherapy alone; however, there was a significantly 
greater surviving fraction of patients at the end of 18 mo among those who received combi- 
nation therapy (4% in the radiotherapy group vs 19% in the BCNU plus radiation group). 

The Scandinavian Glioblastoma Study Group reported the results of a prospective 
randomized trial for patients with grades II-IV supratentorial astrocytoma to evaluate 
the results of radiation therapy and combined chemoradiation treatment in the postopera- 
tive setting (4). One hundred eighteen patients were randomized to one of three groups: 


1. Whole brain irradiation plus IV bleomycin. 
2. Whole brain irradiation and IV placebo. 
3. No postoperative chemotherapy or irradiation. 
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All eligible patients underwent maximal possible tumor resection, central pathologic 
review, and postoperative and posttherapy evaluation of functional status. Radiation 
therapy consisted of 45.0 Gy in 1.8 Gy fractions to the whole supratentorial brain. 
Bleomycin was administered in 15 mg doses iv 1 h before radiation on the first, third, and 
fifth day of the first, second, fourth, and fifth week of radiation for a cumulative dose of 
180 mg. The median survival time was 10.8 mo in the two groups receiving postoperative 
therapy vs 5.2 mo in the patients treated with surgery only. The two groups of postopera- 
tively treated patients showed almost identical results with respect to the number of 
patients surviving longer than 6 mo. A greater percentage of patients who received 
postoperative therapy achieved full or partial working capacity and the only patients to 
retain this level of function at 12 mo from the time of surgery were those who had received 
adjuvant therapy. This study confirmed that postoperative radiation therapy increases 
survival time and functional ability in patients with high-grade glioma, but failed to 
demonstrate an effect of bleomycin on survival. 


3. TRIALS OF CHEMOTHERAPEUTIC AGENTS 


With the importance of postoperative radiation therapy established, subsequent trials 
in the late 1970s and early 1980s focused on identifying chemotherapy agents with 
greater activity against malignant glioma. Phase III studies during this era produced the 
following results: 


1. Postoperative BCNU offers an additional modest survival benefit to radiation therapy 
only (BTCG 7201 and 7501). 

2. High-dose steroid use does not improve survival (BTCG 7501). 

3. Procarbazine and streptozocin showed similar efficacy to BCNU (Trials 7501 and 
7702). 

4. Multiple-drug chemotherapy regimens consisting of various combinations of BCNU, 
hydroxyurea, procarbazine, and/or VM-26 (epipodophyllotoxin) showed no significant 
survival advantage over BCNU alone (BTCG 8001). 


In a follow-up study to BTSG Trial 6901, the BTSG further evaluated the relative 
benefits of radiotherapy and nitrosureas and compared four treatment regimens: single- 
agent semustine chemotherapy, radiotherapy alone, carmustine plus radiotherapy, and 
the combination of semustine plus radiotherapy (BTSG 72-01) (5). Radiotherapy con- 
sisted of 60 Gy in 30-35 fractions of 1.71—-2.0 Gy over 6-7 wk. Semustine was given 
orally at a dose of 220 mg/m? every 6-8 wk. Carmustine was administered iv at a dose of 80 
mg/m? on three successive days every 6-8 wk. For patients receiving combined modality 
treatment, the first cycle of chemotherapy was delivered during the first few fractions of 
radiation. Four hundred sixty seven patients were randomized of which 358 comprised 
the valid study group. Median survival time of VSG patients was 24 wk with semustine 
alone, 94 wk with radiation only, 92 wk with carmustine plus radiotherapy, and 91 wk 
with radiotherapy and semustine. The combination of semustine plus radiation did not 
show any advantage over carmustine plus radiation. Although statistical tests did not 
detect a significant improvement with combined modality therapy, the study results 
suggested a modest benefit for the combination of chemotherapy and radiotherapy over 
radiation alone as seen in the increased number of long-term survivors. At 18 mo 10% 
of the semustine only group was alive compared with 15.1%, 27.2%, and 23.3% of the 
radiation, RT plus carmustine, and RT plus semustine groups, respectively. 
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Trial BTSG 75-01 evaluated the role of high-dose corticosteroids on survival in patients 
with malignant glioma (6). Six hundred nine patients with histologically documented 
supratentorial malignant glioma were treated with 60 Gy whole brain irradiation and 
randomized to one of four treatment arms: 


1. Carmustine (BCNU) iv at a dose of 80 mg/m?/d on three successive days every 8 wk. 

2. High-dose methylprednisolone (400 mg/m2/d orally in three divided doses). 

3. Oral procarbazine (150 mg/m?/d in three or four divided doses for 28 consecutive days 
every 8 wk). 

4. BCNU plus high dose methylprednisolone. 


Median survival was 50 wk in the BCNU arm, 41 wk in the methylprednisolone arm, 
43 wk in the procarbazine arm, and 41 wk in the BCNU plus steroid arm. A significantly 
larger proportion of patients treated with procarbazine or BCNU were long-term survi- 
vors compared to those receiving high-dose steroids alone with 2-yr survival rates of 
19.5%, 8%, 22%, and 18%, respectively. 

Trial 8001 compared three chemotherapy regimens: 


1. Single-agent BCNU (80 mg/m? iv for 3 d every 8 wk). 

2. BCNU as in arm 1 alternating with procarbazine (150 mg/m? in three or four equally 
divided oral doses for 28 d) every 8 wk. 

3. BCNU plus oral hydroxyurea (1000 mg/m? every other day for 21 d) alternating with 
procarbazine plus VM-26 (130 mg/m? iv weekly) (7). 


A secondary objective of the trial compared whole brain irradiation with a regimen 
involving some whole brain combined with a focal coned-down boost. Patients accrued 
in 1980 and 1981 received 60.2 Gy to the whole brain in 1.72 Gy fractions concurrent with 
the first course of chemotherapy. Patients accrued after that time were randomly assigned 
to either whole-brain irradiation as above or 43.0 Gy whole-brain irradiation plus a 
17.2 Gy boost to the tumor volume as determined by the preradiation tumor volume on 
CT scan plus a 2 cm margin. The data were analyzed for the 571 randomized study 
population and separately for the 510 VSG patients who met all eligibility requirements. 
MSTs for the VSG group were 13.1 mo, 11.3 mo, and 13.8 mo in arms one through three, 
respectively; these differences were not statistically significant. Analysis of survival by 
assigned radiotherapy group showed no significant difference between the two arms, 
demonstrating that giving a portion of the radiotherapy by coned-down boost is as effec- 
tive as full whole brain irradiation. As noted in previous trials, younger patient age, higher 
performance status, and anaplastic astrocytoma histology were all correlated with 
improved survival. Based upon this trial and the earlier studies conducted by the BTSG, 
the authors concluded the standard therapy for malignant glioma should be maximal 
tumor resection followed by combination whole brain and coned-down radiation plus 
chemotherapy with a nitrosurea. 

Further support for the use of chemotherapy in patients with malignant glioma has 
been gleaned from meta-analyses. Using the results from 16 randomized clinical trials 
involving over 3000 patients, Fine et al. compared survival rates of patients who received 
radiation alone or radiation plus chemotherapy (8). For patients treated on the evaluated 
trials with radiation only, median survival ranged from 7 to 34 mo, with a median of 
9.4 mo. Patients receiving both radiation and chemotherapy had median survivals rang- 
ing from 7 to 46 mo with a median of 12 mo. Median survival time was longer in the 


Chemoradiation Strategies for Patients with Malignant Gliomas 133 





radiation-only treatment arm by 1 moor more in only one study, but was longer in the RT 
plus chemotherapy arm in 12 studies. The use of adjuvant chemotherapy resulted in a 
significant increase in the proportion of patients surviving at 12, 18, and 24 mo after 
resection. While the absolute survival benefit attributable to chemotherapy was small, 
10.1% and 8.6% at 12 and 24 mo, respectively, the relative survival advantage was high 
at 23.4% and 52.4%, respectively, due primarily to the low overall survival of patients 
with malignant glioma. Patients with either AA or GBM histology derived a survival 
benefit from the use of adjuvant chemotherapy; however, the time until maximal benefit 
from chemotherapy was seen at 12-18 mo for patients with AA vs 18—24 mo for patients 
with GBM. The authors postulated that long-term survivors with GBM represent a more 
favorable group of patients who tend to be younger, have better performance status, and 
have a lower tumor burden and thus would be more likely to benefit from therapy. When 
the group of trials was analyzed by median age of patients and fitted into a model for 
survival advantage, an approx 5% survival benefit was seen for younger patients, defined 
as less than 50 yr of age. A more recent meta-analysis reported by Stewart et al. analyzed 
individual patient data for over 2300 patients treated on 10 randomized clinical trials 
comparing radiotherapy alone to radiotherapy plus chemotherapy, mostly nitrosureas 
(9). The use of adjuvant chemotherapy translated into a 16% relative reduction in the risk 
of death at two years, which was equivalent to an absolute improvement of 5% (from 15 
to 20%, p =0.001). Also noted was a 6% improvement in freedom from relapse (from 10 
to 16%). This benefit appeared to be independent of age, histology, Karnofsky perfor- 
mance status (KPS), or extent of resection. 


4. RECURSIVE PARTITIONING ANALYSIS 


Many factors have been identified as significant prognosticators in patients with 
malignant glioma, including patient age, tumor histology, tumor grade, seizure symp- 
toms, duration of symptoms, tumor vascularity, patient performance status, type of 
surgery performed, radiation therapy, corticosteroid administration, and chemotherapy. 
The BTSG series and other studies included patients with a variety of histologies, ages, 
and other prognostic factors thus confounding the actual patient outcome attributable to 
specific therapeutic interventions. In a novel statistical approach the RTOG analyzed 
data available on 1578 patients entered into three malignant glioma trials from 1974 to 
1989 (2). The technique was used to identify subgroups with survival rates sufficiently 
different to create improvements in the design and stratification of patients within future 
trials. A series of decision trees was constructed by performing individual Wilcoxon tests 
analyzing patient-, tumor-, and treatment-related variables such as age, gender, race, 
symptom duration, neurologic class, KPS, tumor size, histology, tumor location, extent 
of surgery, RT dose, RT fraction size, and chemotherapy use. The entire patient set was 
treated as the primary node and was split if the modified Wilcoxon statistic was signifi- 
cant for any variable beyond the 0.05 probability level. Each split produced two similar 
subgroups with respect to survival outcome. Terminal node groups were defined as those 
with fewer than 25 patients or when no additional significant partitions could be made. 
Twelve terminal nodes were created and then amalgamated into six classes, each having 
a distinct survival profile. 

The results of the recursive partitioning analysis displaying the 12 terminal nodes and 
their amalgamation into six classes are shown in Fig. 1. The first major nodal split was 
identified as patient age. For the 541 patients under age 50 the most significant split was 
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Fig. 1. Results of the recursive partitioning analysis showing the major nodal splits by prognostic 
factor and the amalgamation of terminal nodes into six distinct classes. 


by histology, with anaplastic astrocytoma patients having a MST of 49.4 mo compared 
to 13.7 mo in the GBM patient population (p < 0.000001). Among the AA patients under 
50 the only additional nodal split was seen when comparing normal vs abnormal mental 
status. GBM patients under 50 were further subdivided only by KPS. For the 1037 patients 
over 50 the primary split was defined by KPS, with a MST of 10.3 mo seen in those with 
a KPS 70 or more vs 5.3 mo in patients with KPS below 70. Patients with KPS below 70 
were further split by normal vs abnormal mental status. Definition of the terminal nodes 
for patients with KPS above 70 was slightly more complex. The first split segregated 
patients by histology with MSTs of 21.7 mo for the AA patients and 9.7 mo for the GBM 
patients. AA patients were further divided only by duration of symptoms, whereas 
GBM patients were additionally divided by extent of surgery, neurologic function, and 
RT dose. The MSTs by patient classes ranged from 58.6 mo for the most favorable 
Class I patients (age < 50, AA histology, normal mental status) to 4.6 mo in the highly 
unfavorable group of Class VI patients (age >50, KPS <70, abnormal mental status). 
The validity of this statistical approach was further confirmed by updating the database, 
and this analysis technique has been utilized in other sites including nonsmall-cell lung 
cancer (NSCLC). This study has allowed identification of specific subgroups of patients 
with malignant glioma with similar prognoses so that clinical trials can be designed with 
comparable groups of patients and also serves as a benchmark of expected outcomes 
against which new therapeutic regimens can be measured. 


5. SPECIFIC THERAPY CONSIDERATIONS 
IN NON-GBM MALIGNANT GLIOMAS 


5.1. Anaplastic Astrocytoma 


Nearly 25% of malignant glial neoplasms are of the AA histology with approx 
2500 patients in the US diagnosed yearly (/0). The relative rareness of this disease makes 
accrual to clinical trials challenging. Histologic confirmation of the diagnosis and central 
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pathologic review are essential in the design and interpretation of clinical studies. Many 
trials have included patients with all types of malignant glioma, the majority of which had 
GBM histology, thus complicating analysis of the impact of therapy in the subset of 
patients with AA histology. 

Anaplastic astrocytomas are infiltrative in nature and lack clear borders on standard 
neuroimaging studies, thus making the extent of tumor difficult to define. Tumors are 
often associated with significant cerebral edema, indicating underlying tumor infiltration. 
Neurosurgical intervention for patients with presumed malignant glioma on the basis of 
radiographic appearance is appropriate to establish the histologic diagnosis and to relieve 
symptomatic mass effect; however, the clinical benefit of aggressive resection remains 
a subject of debate. Results from retrospective series are conflicting and there remains a 
lack of prospective studies to address this issue. Several retrospective studies have shown 
a benefit for resection vs biopsy among patients with malignant glioma, mostly showing 
an increase in progression-free survival but no improvement in overall survival (2, //— 
16). Most of these studies included patients with malignant gliomas, the majority of 
whom had GBM histology. Winger et al. (14) found the extent of resection was of 
prognostic benefit in 285 patients with malignant glioma, 76 of whom had AA. Patients 
with AO had a median survival of 278 wk compared with 63 wk for AA and 32 wk for 
GBM. Of note they also observed the survival of patients with mixed OA to be similar 
to that of pure AA (MS =7 wk). Curran et al. performed an independent analysis of AA 
patients treated with X-ray therapy (XRT) and BCNU on several RTOG protocols (/5). 
Among 103 AA patients, smaller tumor size and frontal location were found to favorably 
influence survival, even when stratified for age. 

The role of adjuvant chemotherapy in the management of AA remains a topic of much 
debate. As discussed above, the first prospective randomized study to evaluate the use of 
BCNU (carmustine) in patients with malignant glioma was reported by the BTSG in 
1978. Over 90% of the patients in that study had GBM histology. No significant advan- 
tage to the addition of carmustine to radiotherapy was seen (1). The standard chemo- 
therapy for AA is nitrosurea-based, but the issue of whether single-agent carmustine vs 
a multiagent regimen of procarbazine, CCNU (lomustine), and vincristine (PCV) is 
superior remains controversial. PCV had been considered the de facto standard after a 
report from the Northern California Oncology Group (NCOG) (/7), which demonstrated 
a survival advantage for patients with AA histology treated with PCV over BCNU. 
NCOG Protocol 6G61 compared the effects of following 60 Gy whole brain radiation and 
oral hydroxyurea treatment with either BCNU or the combination of procarbazine, 
CCNU, and PCV. This study included only a small number of selected patients with KPS 
between 70 and 100 and only those who completed at least one course of chemotherapy. 
Median survival was 157 wk in 36 AA patients treated with PCV vs 82 wk in 37 patients 
treated with BCNU (p = 0.021). A doubling of the median time to progression was also 
seen in the AA patients receiving PCV (125 wk vs 63 wk in the BCNU arm). GBM 
patients showed a slightly longer median survival and median time to progression with 
PCV treatment, however, this was not statistically significant. Recently, the Medical 
Research Council completed a study that randomized 674 patients with high-grade glioma 
to radiation or radiation and PCV (/8). No survival difference was observed. The differ- 
ence in median survival of the AA cohort was 18 mo compared to previous study by 
NCOG of 36 mo has raised some concern over selection factors that might account for 
this discrepancy. A retrospective review using a matched-pair analysis of 422 AA patients 
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treated on various RTOG protocols suggested that there was no advantage of PCV over 
BCNU, thus altering practice standards (/9). RTOG trial 9813 opened in June, 2000 and 
is a phase I/II randomized study designed to determine the appropriate dose and toler- 
ance of combination BCNU and temozolomide and to compare the survival of patients 
with anaplastic astrocytoma treated with RT + BCNU to that achieved with RT + 
temozolomide. The superior treatment arm will then be compared to therapy with RT + 
BCNU + temozolomide. 


5.2. Anaplastic Oligodendroglioma 


The classic oligodendroglioma is characterized by a moderately cellular group of 
cells with round nuclei and perinuclear halos (“fried-egg” appearance) with branching 
or “chicken-wire” vasculature. These tumors were initially thought to be rare, compris- 
ing less than 5% of CNS tumors; however, it is becoming recognized that oligodendro- 
glial tumors may represent a larger percentage of glial tumors than originally thought. 
Retrospective reviews of RTOG trials in malignant glioma have identified a significant 
number of patients with oligodendroglial tumors treated with surgery and radiation. 
The median survival time of these patients appears superior to that observed for patients 
with pure astrocytic tumors. In a review of RTOG 83-02 Donahue (20) noted patients 
with anaplastic pure or mixed oligodendrogliomas to have median survival of 7.3 yr vs 
3.4 yr for pure anaplastic astrocytomas. On multivariate analysis, age, extent of sur- 
gery, and presence of an oligodendroglial component were all found to be independent 
prognostic factors for survival. 

Molecular characterizations of oligodendroglial tumors have been reported. Smith 
(21) noted a significant correlation between Ip loss of heterozygosity, 19q loss of het- 
erozygosity, and combined loss of 1p and 19q with an oligodendroglial phenotype in an 
analysis of 162 patients with diffuse glioma. Patients in the oligodendroglioma popula- 
tion who displayed combined loss of 1p and 19q had a prolonged overall survival even 
after correction for patient age and tumor grade. Similarly, Cairncross (3) observed an 
association between radiologic response to chemotherapy and improved survival for 
patients with AO demonstrating the specific loss of 19q heterozygosity. Loss of both Ip 
and 19q heterozygosity was associated with higher response rates to chemotherapy and 
improved survival compared to patients with preservation. CDKN2A gene deletion was 
associated with shorter survival times. Allelic loss of chromosomes 10q and TP53 gene 
mutation were not associated with survival or response rates in that series. Molecular 
markers such as 1p and 19q loss may improve our ability to appropriately classify oligo- 
dendroglial tumors as well as identify populations of patients expected to benefit from 
specific therapies. To this end, one aim of the current RTOG trial, discussed below, is the 
establishment of a tissue bank and blood sample repository of registered patients for 
subsequent genetic analysis. 

A unique feature of anaplastic oligodendrogliomas and mixed oligoastrocytomas is their 
sensitivity to chemotherapy, particularly PCV. A prospective trial conducted by the 
National Cancer Institute of Canada (NCIC) evaluated 33 patients with pure anaplastic 
oligodendroglioma (22). Of the 24 eligible patients, 18 (75%) showed a radiologic response 
to PCV with 38% achieving a complete response. Response rates were high even among 
patients who had received previous radiation therapy. The authors concluded that the high 
response rate even in recurrent tumors warranted further investigation of the use of PCV 
as an adjunct to surgery and XRT in patients with newly diagnosed lesions. 
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Additional studies using neoadjuvant PCV for patients with pure or mixed oligoden- 
droglial tumors have shown similar high response rates, although the absolute number of 
patients in such studies has been small. Two-year survival rates for AO or anaplastic 
mixed tumors were 75% and 65%, respectively, in the series of 20 patients treated with 
surgery, radiation, and chemotherapy reported by Kyritsis (23). In the series of malignant 
glioma patients treated with XRT and neoadjuvant PCV reported by Kirby et al., three 
of seven patients with AO or oligoastrocytoma had a response to chemotherapy and the 
2-yr survival in this subset was 58% (24). Kim et al. described results of 32 patients 
treated with surgery, PCV, and radiation (25). The median survival times were 50 mo, 
16 mo, and longer than 76 mo for patients with WHO grade III oligoastrocytoma, WHO 
grade IV oligoastrocytoma, and anaplastic oligodendroglioma, respectively. The differ- 
ence in survival outcome was correlated with the percentage of oligodendroglial 
component within the tumor with those patients whose tumors had greater than 
99% oligodendroglial elements surviving significantly longer than those patients with 
tumors comprised of predominantly astrocytic cells. Boiardi et al. reported on 71 patients 
with anaplastic glioma treated with neoadjuvant CCNU and cisplatin (26). A median 
survival time of 6 yr was seen in the 30 patients with AO or oligoastrocytoma, which was 
significantly longer than the 3.2-yr median survival of the patients with AA. Patients with 
anaplastic oligodendrogliomas and oligoastrocytomas had similar survival. Jeremic et al. 
reported results of 23 patients with WHO grade III anaplastic mixed gliomas treated with 
PCV chemotherapy, surgery, and radiation. Response rate to therapy was 83% with a 
five-yr survival of 53% (27). 

A current intergroup trial (RTOG 9402; INT 0149) is underway to evaluate the role 
of PCV chemotherapy in patients with anaplastic oligodendroglioma. Patients are ran- 
domized to radiation alone vs induction PCV plus radiation. Inclusion criteria include 
at least 25% oligodendroglial component and two or more anaplastic features. Cases 
are further stratified as moderately or highly anaplastic depending upon the number of 
features of malignancy present including high cellularity, vascular proliferation, or 
necrosis. The primary study endpoint is overall survival with secondary endpoints of 
time to progression, incidence of severe complications, quality of life, and neurologic 
function. A current EORTC trial is investigating postoperative RT alone or followed 
by six cycles of PCV. 


6. RADIATION THERAPY STRATEGIES 


Since the publication of the initial BTSG and Scandinavian Glioblastoma trials, radia- 
tion therapy has been accepted as a necessary component in the overall management of 
patients with malignant glioma. As discussed above, trials to identify more efficacious 
systemic therapy have not significantly improved upon the survival rates noted in those 
initial studies. Alternate strategies to improve clinical outcomes for patients with malig- 
nant glioma have focused on intensifying radiotherapy through a variety of techniques 
such as dose escalation, accelerated hyperfractionation, and use of radiosensitizers to 
enhance the therapeutic ratio. 

Walker et al. reported on the combined data from a series of BTSG trials and demon- 
strated a stepwise prolongation of survival with increasing dose. Median survival times 
for patients in the 50-, 55-, and 60-Gy subgroups was 28, 36, and 42 wk, respectively. 
The difference in survival observed between the 50 and 60 Gy groups was significant 
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(p = 0.004) (28). However, in a randomized study conducted by RTOG and ECOG 
(RTOG 7401/ECOG 1374) no survival benefit was demonstrated in patients receiving 
70 Gy compared to those patients receiving 60 Gy (29). Little data exist regarding spe- 
cific radiation dose or volume effects for anaplastic astrocytoma, anaplastic oligodendro- 
glioma, or mixed oligoastrocytomas. Treatment for patients with non-GBM malignant 
gliomas is typically planned with doses and volumes similar to those used in the 
management of GBM. 

The optimal volume to be irradiated remains an issue of continued debate. Malignant 
gliomas are thought to be capable of infiltrating large distances into the normal brain. 
For patients with malignant gliomas, the gross tumor volume (GTV) is usually defined 
by the preoperative contrast-enhancing volume on CT/MRI, and the clinical target vol- 
ume (CTV) is delineated by the area of edema on CT/MRI with a2 cm margin. Malignant 
gliomas are typically treated with conformal, partial brain fields encompassing the con- 
trast-enhancing volume with a 2-3 cm margin or treating the region of increased signal 
on T2-weighted MRI with a 1-2 cm margin to 45-50 Gy, followed by a field reduction 
to the enhancing volume with a 2-3 cm margin. Tighter margins may be utilized if the 
tumor is in close proximity to dose-limiting structures, e.g., the optic chiasm, or in an 
unlikely direction of tumor spread, such as across the tentorium or falx. A total dose of 
59.4-60.0 Gy is given in 1.8—2.0 Gy daily fractions. 

Halperin and colleagues compared tumor extent on CT and MRI and noted that the 
tumor area identified on T2-weighted images was larger that the abnormal zone seen on 
CT; autopsy studies revealed a significant portion of patients had tumor extending more 
than 2 cm beyond the CT contrast-enhancing region (30). Serial biopsies through areas 
of edema surrounding the region of contrast enhancement on CT or MRI have demon- 
strated a gradient of tumor cells infiltrating normal brain (3/). The need to encompass 
regions at clinical risk for disease must be balanced against the potential toxicity of 
irradiating large volumes of central nervous system (CNS) tissue and the still predomi- 
nant local failure pattern exhibited by malignant gliomas. Analysis of failure patterns in 
patients with malignant glioma have revealed the epicenter of recurrence to be most 
frequently within 1-2 cm of the original contrast-enhancing tumor (32). The high prepon- 
derance for local failure has prompted interest in improving the therapeutic ratio of 
external beam radiation utilizing techniques such as altered fractionation schemes, 
3D conformal therapy, stereotactic radiosurgery, interstitial brachytherapy, particle 
therapy, and radiosensitizers. 

As discussed above, attempts at RT dose escalation with conventional external beam 
radiotherapy have been made. The lack of an observed dose response above 60 Gy may 
be attributable to the increased toxicity associated with therapy delivered using conven- 
tional fractionation and planning techniques. For most normal tissues, late morbidity 
from radiation treatment is dependent upon cumulative radiation dose, fraction size, and 
treatment volume. A clear dose—volume relationship for CNS injury and conventionally 
fractionated radiation therapy has not been established. However, Marks et al. have 
reported an 18% incidence of brain necrosis with doses greater than 64.8 Gy compared 
to 0% with radiation doses under 57 Gy (33). Currently the RTOG is conducting a phase 
I/II study (RTOG 9803) to evaluate the feasibility and toxicity of escalating doses of 
conformal radiation therapy using 3D treatment planning techniques, to determine 
dose/volume and dose/anatomic factors that influence radiation-induced CNS toxicity, 
and to evaluate key endpoints such as local control, survival and failure patterns in 
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patients treated with high-dose conformal radiation. Accrual continues to the third dose 
level of 78.0 Gy in the fall of 2001. 

Focal radiation techniques such as radiosurgery and interstitial brachytherapy have been 
investigated as methods to increase radiation dose to selective volumes. These therapies 
offer the potential to selectively increase dose to a target volume while minimizing dose to 
adjacent normal tissues. However, given the infiltrative nature of most gliomas and the 
ability to use these techniques predominantly in noneloquent areas of the brain, such thera- 
pies are applicable to only a limited portion of patients with malignant glioma. In a prospec- 
tive NCOG study (6G-82-2) the use of interstitial brachytherapy in the initial treatment of 
patients with malignant gliomas was shown to produce less of an increase survival in 
patients with AA compared to those with GBM histology (34). Retrospective review of 
AA patients treated on a variety of NCOG studies and the UCSF database reported by 
Prados et al. found age and KPS had a significant influence on survival and time to tumor 
progression, whereas extent of surgery and the use of interstitial brachytherapy did not (/6). 
Prospective data from the UCSF experience showed a median survival of 36 mo from time 
of diagnosis utilizing a brachytherapy boost (35). Since this was no better than the results 
with conventional EBRT alone, brachytherapy boost for AA patients was no longer offered 
at UCSF after 1989. The RTOG has recently completed the first phase III study to evaluate 
the role of a stereotactic boost in addition to conventional RT and BCNU in patients with 
supratentorial malignant glioma. All patients received conventional radiotherapy consist- 
ing of 60 Gy in 30 fractions and six cycles of BCNU 80 mg/m? iv for 3 d every 8 wk 
commencing with the initiation of radiation. Patients were randomized to receive either a 
single fraction stereotactic boost to be delivered within one week prior to initiation of 
conventional RT or noradiosurgery boost. Radiosurgery dose was dependent on tumor size. 
Study endpoints included overall survival, toxicity comparisons between the two arms, and 
evaluation of mental status and quality of life. The trial reached its accrual goal in June 2000 
and the data will be available in 2002. 

Altered fractionation schedules have the potential to allow for dose escalation by 
exploiting the differences in the capacity of radiation damage repair between tumor cells 
and normal brain tissue. Accelerated fractionation (AHF) and hyperfractionation (HF) 
were studied in several randomized trials all of which were negative (15,36—39). Werner- 
Wasik et al. reported the final results of RTOG 83-02 a phase I/II study of HF and AHF 
radiation therapy and BCNU of 747 patients with malignant gliomas, 19% of whom had 
AA histology (39). HF treatment consisted of 1.2 Gy twice daily to doses of 64.8, 72, 76.8, 
and 81.6 Gy. The AHF schedule consisted of 1.6 Gy twice daily to 48 or 54.4 Gy. This 
was not associated with any survival advantage when compared with historic controls 
and the subgroup of AA patients who received lower HF doses had a better median 
survival (50 mo) compared with those receiving higher HF doses (35 mo; p = 0.35). One 
suggested explanation for this finding was increased toxicity at the higher dose levels, a 
particularly important finding within the AA subgroup of patients who would be ex- 
pected to have a more favorable natural history. 


7. NOVEL CHEMOTHERAPEUTIC AGENTS 


Several reasons have been cited for the limitations of the use of chemotherapy in the 
treatment of malignant glioma. Inherent and acquired drug resistance and the lack of good 
drug penetration through the blood-brain barrier have both been cited as obstacles. Sev- 
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eral strategies have been employed to overcome these limitations including intraarterial 
(IA) drug administration and placement of chemotherapy directly within the resection 
cavity. More recent trials have focused on the use of novel chemotherapy agents includ- 
ing hypoxic cell sensitizers, inhibitors of angiogenesis, immune modulators as well as 
chemotherapeutic drugs shown to have efficacy against other solid tumor types. 

In an effort to overcome the lack of solubility, poor penetration across the blood-brain 
barrier and decreased delivery of conventional systemic agents by a compromised 
intratumoral blood supply, several studies have evaluated various combinations of BCNU 
alone or with other agents delivered intraarterally. Unfortunately, response rates and 
median survival times observed in patients treated with intraarterial chemotherapy have 
not been significantly different than those seen in patients treated with standard intrave- 
nous nitrosurea-containing regimens, while increased rates of toxicity such as leukoen- 
cephalopathy, retinal injury, edema, myelosuppression, sepsis, and thrombotic 
complications have been noted (40-46). 

Bromodeoxyuridine (BUdR) is a halogenated pyrimidine analog that is incorporated 
as a substitute for thymidine into actively dividing cells during DNA synthesis; this 
substitution results in a two- to threefold increase in cell sensitivity to radiation in vitro. 
Encouraged by results of a NCOG phase II trial utilizing BUdR during radiation therapy 
followed by adjuvant PCV chemotherapy in patients with newly diagnosed GBM and 
AA, the RTOG conducted a randomized trial to evaluate the effect of BUdR as a 
radiosensitizer (47). The study began as a NCOG trial in 1991, and became an Intergroup 
RTOG, SWOG, and NCCTG study in July 1994. Two hundred eighty-one patients with 
AA, gemistocytic astrocytoma, Grade 3 astrocytoma, and malignant glioma other than 
GBM were accrued to the study of which 189 were eligible/analyzable. In July 1996 
accrual was suspended after preliminary analysis suggested that the addition of BUdR 
was unlikely to be associated with increased survival. The study was closed in February 
1997 at which time the 1-yr survival estimates were 82% for the RT plus PCV group vs 
68% for the RT/BudR plus PCV group (p = 0.96). The survival difference between the 
two arms was attributed to a larger number of early deaths in the BUdR arm, not related 
to treatment toxicity. 

Preclinical laboratory data supported the theory that tirapazimine (WIN 59075), a 
benzotriazine compound exhibiting substantial differential toxicity for hypoxic cells, 
increased the efficacy of RT against hypoxic tumor cells possibly resulting in greater than 
additive hypoxic cell toxicity. These data coupled with clinical support for hypoxia as a 
contributor to the treatment-resistant nature of malignant gliomas prompted the RTOG 
to launch a Phase II trial (RTOG 9417) of tirapazimine with cranial RT in patients with 
radiosurgery-ineligible GBM. Survival in the patients treated with radiation and 
tirapazimine was equivalent to the control population (48). Patients in RPA class II 
treated with radiation and tirapazamine at the 159 mg/m? dose level had a longer survival 
when compared to historical controls; however, this did not reach statistical significance. 

RTOG 9602 evaluated weekly paclitaxel and conventional radiotherapy for patients 
with GBM. Previous studies had shown taxanes to be potent radiosensitizers. Thirty-five 
evaluable patients were reported (49). With a median follow-up of 20 mo the overall 
median survival was 9.7 mo with median survival times for RPA classes II, IV, V, and 
VI being 16.3, 10.2, 9.5, and 2.5 mo, respectively. Median survival by RPA class with 
brief taxane therapy was comparable to RTOG historical controls treated with standard 
EBRT and BCNU (1-yr BCNU). Clinicopathologic evaluation did not disclose any cor- 
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relation between tumor p53 status or EGFr expression and patient survival, in contrast to 
previous observations suggesting improved outcomes in p53(+) GBM patients receiving 
concurrent radiation and weekly paclitaxel. 

Owing to the lack of any single sufficiently promising phase II experience for radio- 
surgery-ineligible GBM patients, recent RTOG studies have focused on testing new 
systemic agents with cranial radiation. A phase I study of topotecan plus cranial radiation 
for GBM patients was completed, in an effort to enhance antitumor response by exploit- 
ing the strand break mechanisms of both topotecan and ionizing radiation. Preliminary 
toxicity data were acceptable and a dose level of 1.5 mg/m? was chosen (50). Preliminary 
data from the phase II study 95-13 has been reviewed, and initial analysis has thus far not 
demonstrated a survival benefit. Malignant gliomas are generally highly vascular and 
angiogenic tumors and thus may be appropriate targets for angiogenesis inhibitors. 
Recent experimental evidence has shown that inhibition of angiogenesis leads to 
radiosensitization. A phase II trial (RTOG 98-06) has recently been completed using 
thalidomide, a basic fibroblast growth factor (bFGF) antagonist, in patients with newly 
diagnosed GBM receiving concomitant cranial radiation. RTOG 9710 was a phase II 
study of conventional radiation therapy followed by recombinant beta interferon for 
GBM toevaluate radiosensitizing effect. Median survival time was comparable to RTOG 
controls treated with standard EBRT and BCNU. 

Temozolomide, a novel oral, second-generation alkylating agent, has shown signifi- 
cant promise as a cytotoxic agent in the treatment of a variety of solid tumors including 
melanoma, glioma, mycosis fungoides. Temozolomide is a prodrug of the active alkylat- 
ing agent 5-(3-methyltriazen- 1-yl)imidazole-4-carboximide (MTIC) that is spontane- 
ously converted to the active form under physiologic conditions. The drug demonstrates 
100% oral bioavailability and excellent tissue distribution including penetration of the 
blood-brain barrier and into cerebrospinal fluid (5/). Phase I/II studies have shown 
significant antineoplastic effect in patients with recurrent malignant glioma (52,53). 
A randomized phase II trial comparing PCV to temozolomide in patients with supraten- 
torial GBM at first relapse demonstrated improved progression free survival, overall 
survival, tumor response, and quality of life among the patients treated with temozolomide 
compared to those treated with PCV (54). In a study of 33 patients with newly diagnosed 
GBM or AA, treatment with oral temodar, 200 mg/m? on a 5-d schedule every 28 d, resulted 
in acomplete response in 3 patients, partial response in 15 patients, and disease stabilization 
in an additional 6 patients (55). Preliminary data indicates that concomitant daily oral 
temozolomide (75 mg/m7/d) and cranial radiotherapy is well tolerated (56). Ongoing clini- 
cal trials are evaluating the role of temozolomide in conjunction with nitrosoureas, 
topoisomerase inhibitors and BCNU-impregnated interstitial wafers (Gliadel). 


8. FUTURE DIRECTIONS 


Itis unlikely that any one systemic agent or multiagent regimen will substantially alter 
the natural history of malignant glioma. A significant improvement in survival will be 
realized only when improvements in loco-regional control are combined with progress 
in the systemic management of the disease. Specific opportunities to improve surgical 
and radiotherapy approaches to this disease need to be explored concurrent with devel- 
opment of novel agents targeted to modify the biologic response of these tumors to 
chemotherapy and radiation. Ongoing topics for future research include: 
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1. Elucidation of specific molecular pathways involved in the pathogenesis of gliomas and 
their response to chemotherapy and ionizing radiation. 

2. The role of image-guided treatment planning and outcome evaluation. 

. Novel strategies of delivering chemotherapeutic agents. 

4. Clarification of the role of radiation dose escalation particularly using innovative tech- 
niques such as intensity modulated radiation therapy (IMRT) and either single dose or 
fractionated stereotactic radiation. 


W 
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1. INTRODUCTION 


Head and neck cancer (HNC) comprises 5-6% of all malignancies (1). Approximately 
650,000 cases will be diagnosed worldwide in 2000 (2). The American Cancer Society 
estimates that in the United States alone approx 40,300 new cases of HNC will be diag- 
nosed annually with approx 11,700 deaths associated from this disease (/). If cured, HNC 
patients are at increased risk of developing a second malignancy, estimated to occur at 
an annual incidence of 3-7% (3). Field carcinogenesis, as initially proposed by Slaughter 
etal. in 1953, describes the concept of repetitive carcinogen exposure affecting the entire 
aerodigestive tract, resulting in cumulative toxicity to a large mucosal surface (4). Squa- 
mous cell carcinomas constitute >90% of the histology of head and neck carcinomas. 
Therefore, this chapter will focus solely on this histology type unless specified otherwise. 

One-third of patients present with early stage disease (AJCC stage I or II) with the 
remainder of patients presenting with locally advanced disease (AJCC stage III or IV). 
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Only a small fraction of patients present with distant metastases (5). Single-modality 
therapy with surgery or radiation therapy with curative intent is the general method of 
treatment for early stage (stage I or ID) patients. Approximately 80% of patients with 
stage I disease will be cured and 60% of patients with stage II disease will be cured. 
Previously, patients with locally advanced disease were offered surgery followed by 
radiation therapy; patients believed to have unresectable disease were treated with 
radiation therapy only. Despite treatment with curative intent, in the absence of frank 
metastatic disease, 3- and 5-yr survival rates for patients with unresectable disease 
were less than 30%. The majority of patients develop local recurrence within the first 
2 yr indicating that surgery and/or radiation therapy cannot eliminate all tumor cells. 
The prognosis has recently improved through the use of concurrent chemoradiotherapy. 

Recent advances changing the field of radiation oncology include hyperfractionated 
and intensity modulated radiation therapy (IMRT). In addition, incorporating chemo- 
therapy agents as radiation sensitizers (the drug increases the effect of radiation therapy 
without having a direct cytotoxic effect) or enhancers (the drug has independent 
antitumor activity in addition to acting as a sensitizer) rather than primary adminis- 
tration of cytotoxic agents has advanced the treatment of locally advanced (as well as 
recurrent head and neck cancers). Novel cytostatic agents may also have a role in 
augmenting the effects of radiation therapy. Various preclinical models have shown 
that chemotherapy may enhance the cytotoxicity of radiation therapy by decreasing 
radioresistance, sensitize hypoxic cells, and synchronize cells in specific phases of the 
cell cycle. 

Prior clinical trials have attempted to discern the best manner in which to admin- 
ister chemotherapy when combined with radiation. It may be given concurrently with 
standard radiotherapy, an alternating or split-course radiotherapy schedule, or in a 
sequential fashion as induction (prior to definitive treatment) or adjuvant (following 
definitive treatment) chemotherapy. Concomitant chemoradiotherapy is the use of 
both modalities simultaneously. Alternating chemoradiotherapy is the use of sys- 
temic chemotherapy for a definitive duration, followed by radiotherapy for a speci- 
fied period followed by repeated alternations of the two modalities. Split-course 
chemoradio-therapy usually involves concomitant systemic doses of chemotherapy 
combined with radiation therapy for a specified duration followed by a rest period, 
and then the regimen is repeated. This approach allows planned treatment breaks for 
toxicity recovery. 

The purpose of this chapter will be to discuss the rationale for concomitant 
chemoradiation therapy, using standard and novel agents as well as promising molecu- 
lar targets, and the encouraging strategies that may improve the overall survival, 
disease-free survival, and possibly the quality of life of a potentially debilitating and 
disfiguring disease. 


2. SYNERGISTIC CYTOTOXIC ACTIVITY 
OF CHEMOTHERAPY WITH RADIATION THERAPY 


Preclinical models have established various methods to increase the cytotoxic activ- 
ity of radiation therapy. This methodology includes promoting activity against cells in 
the most radiation-sensitive phase of the cell cycle, the G,/M phase, and eradicating 
hypoxic tumor cells to decrease radioresistance. The method of radiation therapy (con- 
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ventional, accelerated, intensity-modulated, and/or hyperfractionated radiation 
therapy) may also have an impact on the rate of tumor cell growth and toxicity. It has 
been postulated that decreasing the time interval between cytotoxic treatment will 
decrease the ability of tumor cells to regenerate and in turn decrease locoregional 
recurrence. It should be noted that by promoting the tumoricidal activity of radiation 
therapy, the patient may develop acute (early) and chronic (late) side effects because 
the synergistic activity of concomitant chemoradiation therapy is not tumor specific. 
Acute toxicities include mucositis, radiation dermatitis, and myelosuppression. Chronic 
toxicities may be debilitating as aresult of radiation fibrosis, xerostomia, trismus (tonic 
contraction or fibrosis of the muscles of mastication), dysfunction of the muscles of 
mastication, disfigurement, and psychosocial difficulties with these sequelae. Investi- 
gative approaches must pursue equilibrium between tumor cytotoxicity and associated 
acute and chronic sequelae that may ensue. 

Radiation therapists have also attempted to increase the cytotoxicity of radiotherapy 
as a single-treatment modality by developing intensified schedules of radiation therapy. 
Accelerated fractionation irradiation decreases the total time of treatment, may de- 
crease the rate of tumor cell regrowth, and in turn, may increase locoregional control 
(6). The principle of hyperfractionated radiation therapy is to provide multiple small 
fractions of radiation therapy, increase the total dose, but decrease the long-term tox- 
icities associated with radiation therapy. The European Organization for the Research 
and Treatment of Cancer (EORTC) performed a prospective, randomized trial in 
oropharyngeal carcinoma patients noting a 20% increase in locoregional control at 5 
yr and atrend in prolonged overall survival (p = 0.08) with the use of hyperfractionated 
radiation therapy vs conventional daily therapy (7) No difference in chronic toxicities 
were noted. 

The Radiation Therapy Oncology Group (RTOG) has recently reported a randomized 
phase III trial (RTOG 9003), comparing four arms of radiotherapy for patients with 
locally advanced HNC (8). The four arms were as follows: 


1. Standard radiotherapy. 

2. Hyperfractionated twice daily radiotherapy. 

3. Accelerated fractionated twice daily therapy. 

4. Accelerated fractionated therapy with concomitant boost (Table 1). 


The median follow-up was 23 mo for the 1073 evaluable patients. Patients that 
received hyperfractionated or accelerated radiation therapy with boost had increased 
locoregional control (p =0.045 and p = 0.05, respectively) and a trend toward improved 
disease-free survival (DFS) (p = 0.067 and p = 0.054, respectively) in comparison to 
conventional radiation therapy. However, there was no improvement in overall 
survival(s). Patients given accelerated split-course fractionation had similar outcomes 
to those who had received conventional radiotherapy. Hyperfractionated radiation 
therapy is the method of choice for combined chemoradiotherapy in current investiga- 
tive approaches for head and neck cancer. 

A technological advance in the field of radiation therapy has been IMRT. IMRT 
uses the veloses of three-dimensional imagery by computed tomography (CT) allow- 
ing accommodation of radiation to the target tumor site, but decreases the beam 
intensity to the surrounding normal tissue, thereby potentially decreasing the risk of 
chronic sequelae. 


8pI 


Arms 


Dose/fraction 


Days/week 
Total dose (no. of fractions) 


Compared to standard radiation therapy 
Locoregional control 
Overall survival 
Disease-free survival 


Table 1 


RTOG 9003 
Standard Hyperfractionated Accelerated with split 
2 Gy 1.2 Gy, twice-daily 1.6 Gy, twice-daily 
5 5 5 
70 Gy (35 fractions) 81.6 Gy (68 fractions) 67.2 Gy (42 fractions): 


2-wk rest 
following 38.4 Gy 


= p =0.045 p=0.55 
= p=0.13 p =0.86 
— p = 0.067 p =0.26 


Accelerated with boost 


1.8 Gy, boost (1.5 Gy) 
for last 12 d of treatment 
5 
72 Gy (42 fractions) 


p=0.05 
p=0.40 
p = 0.054 
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3. CONCOMITANT CHEMORADIOTHERAPY 
3.1. Single Agents 


Concomitant chemoradiation therapy has been investigated over the past 40 yr. Active 
single agents in HNC have included cisplatin, methotrexate, 5-fluorouracil (5-FU), 
bleomycin, mitomycin C, the taxanes, and ifosfamide. Early trials were composed of 
daily radiation therapy combined with single agent chemotherapy. Recent trials have 
included newer agents such as the taxanes, topoisomerase I inhibitors, and potential 
targets of signal transduction including tyrosine kinase inhibitors that will be discussed 
later in this chapter. 


3.2. Hydroxyurea 


Hydroxyurea is an oral agent that inhibits ribonucleotide diphosphate reductase and 
interferes with the synthesis of DNA, specifically the S phase of the cell cycle. Sinclair 
et al. have demonstrated in preclinical animal models that hydroxyurea may inhibit cells 
from leaving the G, radiosensitive phase and entering the radioresistant S phase (9). Early 
studies have demonstrated little or no efficacy associated with the use of single-agent 
hydroxyurea (10). It has received FDA approval in the use of head and neck cancer when 
administered concomitantly with radiotherapy based upon promising results from earlier 
studies (//). 

The foundation for further study of combination regimens with hydroxyurea and 5-FU 
is based on in vitro pharmacokinetics denoting modulation of 5-FU by depleting 
deoxyuridine monophosphate (dUMP), a metabolic product of 5-FU. In turn, this will allow 
increased binding of 5-FU to thymidylate synthase and augment the properties of 5-FU. 


3.3. 5-Fluorouracil (5-FU) 


Lo and colleagues completed a randomized study in 136 patients comparing radiation 
therapy with bolus 5-FU (/2). The 5-yr overall survival (p = 0.08) was 32% vs 14% in 
the concomitant arm vs the radiation only arm, respectively. In a subset analysis, patients 
with primary tumors of the oral cavity were found to have statistically significant local 
control and survival rates. Overall, the 2-yr DFS was significant (p = 0.05) in the 
concomitant chemoradiation arm at 49% in comparison to 18% in the radiation therapy 
only arm. 

A large randomized Spanish study by Sanchiz and colleagues evaluated 859 patients 
over a 10-yr period with untreated stage III or IVA HNC (13). The study was divided into 
three arms with arms A and B consisting of conventional and hyperfractionated therapy, 
respectively; arm C was conventional single daily radiation therapy with bolus 5-FU. 
Complete response (CR) rates were promising with 90% in arm B and 96% reported 
in arm C. 

Browman and colleagues randomized 175 stage III or IV HNC patients to standard 
daily radiotherapy (total 66 Gy) with or without 72-h infusion of 5-FU (1.2 G/m?) during 
weeks 1 and 3 (14). Statistically worse toxicities were seen in the concomitant arm 
including stomatitis (p = 0.001), radiation dermatitis (p = 0.03), and weight loss of >15% 
of baseline over 10 consecutive weeks (p < 10~°). However, the complete response rate 
was significantly improved on the combined chemoradiation arm in comparison to the 
single modality arm (68% vs 56%, p = 0.04). The concomitant chemoradiation arm 
demonstrated a trend toward improved survival when evaluating overall median sur- 
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vival (33 vs 25 mo, p = 0.08) and progression-free survival (PFS, p = 0.06). Browman 
has recently provided updated information regarding this trial (75). After a median 
follow-up of 9.4 yr, the concomitant chemoradiotherapy arm continues to demonstrate 
an improved median survival of 27 mo vs 16 mo. However, the survival benefit for 
concomitant chemoradiotherapy was primarily gained in the first 2.5 yr, and was not 
found to be significant in comparison to the radiotherapy only arm at 5.5 yr (p = 0.66). 
Additionally, the initial trend toward progression-free survival continues to have no 
statistical significance. 

These initial studies were the foundation for further exploration of 5-FU in combina- 
tion with biomodulators, platinum agents, and other novel agents to increase locoregional 
control and possibly overall survival. 


3.4. Mitomycin C 


Preclinical animal studies have demonstrated the bioreductive alkylating agent 
mitomycin C to have selective cytotoxicity to hypoxic cells (76). Haffty and colleagues 
at Yale University have addressed the radioresistance of hypoxic tumor cells by enrolling 
203 patients onto two consecutive randomized trials of radiation therapy with mitomycin 
C(15mg/m?, on the fifth day of radiation therapy) between 1980 and 1992 (17). Each trial 
utilized standard daily radiation therapy with the second trial adding dicumarol (500 mg) 
in an attempt to enhance the cytotoxic activity of mitomycin C. With a median follow- 
up of 138 mo, both trials clearly showed benefit on the concomitant arms vs radiation 
therapy alone in regards to local recurrence-free survival (85% vs 66%, p = 0.002) and 
locoregional recurrence-free survival (76% vs 54%, p = 0.003), but neither trial could 
demonstrate an improvement in the overall survival (48% vs 42%). As of 1999, ata 
median follow-up of more than 10 yr, locoregional control was found to be superior in 
the concomitant chemoradiation therapy in comparison to radiation alone (70% vs 51%, 
p < 0.005) (18). Although not determined to be statistically significant, there continues 
to be a trend in overall survival in the mitomycin arm of 34% vs 26%. 

The International Atomic Energy Agency is completing a large, randomized trial of 
the role of mitomycin in head and neck malignancies. Yale University continues to 
evaluated the possible superiority of porfiromycin (methyl mitomycin) in comparison to 
mitomycin in a randomized trial of greater than 120 HNC patients. Final results have yet 
to be published. 


3.5. Nitroimidazole Compounds 


Danish investigators have looked at the role of pure hypoxic cell radiosensitizers such 
as misonidazole and nimorazole in improving overall survival. Misonidazole was ini- 
tially evaluated in a randomized study of split-course radiotherapy in the DAHANCA 2 
study (Danish Head and Neck Cancer Study). Overall, the study failed to demonstrate an 
improvement with misonidazole in comparison to placebo with 26% of patients devel- 
oping profound peripheral neuropathy resulting in its discontinuation for further inves- 
tigation (/9). Overgaard and colleagues proceeded to evaluate nimorazole, a less toxic 
hypoxic cell radiosensitizer, in comparison to placebo in a phase HI randomized study of 
conventional radiotherapy in supraglottic and pharyngeal head and neck tumors (20). 
The nimorazole group had improved locoregional control vs placebo (49% vs 33%, p = 
0.002) with a trend toward improved survival at 10 yr (26% vs 16%, p = 0.32) warranting 
further study. 


Combined Modalities in Head and Neck Cancer 151 





3.6. Bleomycin 


Based on preliminary studies, Shanta and Krishnamurthi chose to evaluate the ef- 
fects of Bleomycin with three fractions of radiation therapy per week in a randomized 
trial of 157 patients with stage III and IV HNC (21). The 5-yr recurrence-free (72% vs 
17%) and disease-free survival rates (66% vs 24%) in the chemoradiation arm were 
found to be superior. 

The Northern California Oncology Group randomized 104 patients with unresectable 
disease to standard daily radiation therapy with or without concomitant bleomycin (5-FU 
iv twice weekly) followed by 16 wks of adjuvant chemotherapy (methotrexate 25 mg/m? 
weekly) after the completion of radiation therapy (22). A locoregional CR of 67% was seen 
in the concomitant arm vs 45% in the control arm (p=0.056). The 2-yr locoregional control 
rate was 64% vs 26% (p = 0.001); and the development of metastases was 38% vs 24% 
(p > 0.25), respectively. 

Despite the promising results of these two studies, the European Organization for the 
Research and Treatment of Cancer (EORTC) reported no difference in primary tumor 
response 6 wk after completing treatment in a randomized study of conventional radio- 
therapy with or without single agent bleomycin. No difference in tumor response was seen 
in either arm (67% for radiation therapy only vs 68% for the concomitant arm). At 6 yrs, 
adifferencein OS could not be appreciated when bleomycin was added to standard radiation 
therapy vs acontrol group (24% vs 22%, respectively (23). However, only 64% of patients 
on the bleomycin arm receiving the full recommended dose, which may have contributed 
to the failure of an improved response rate and survival time in the chemoradiation arm. 


3.7. Cisplatin/Carboplatin 


Early interest concerning the role of cisplatin as a radiosensitizer led to several ran- 
domized clinical trials. A National Cancer Institute (NCD sponsored intergroup trial of 
371 unresectable patients comparing conventional radiation therapy to the use of weekly 
low dose cisplatin (20 mg/m”) as an adjunct to the same regimen of conventional radio- 
therapy found no statistical difference in complete response (34% for the concurrent 
modality vs 30% in the radiation therapy alone arm) or overall survival (24). The final 
results of this study were never published. 

A preliminary report on a randomized trial on 83 stage III or IV locally advanced 
squamous cell head and neck cancer (SCHNC) patients demonstrated improved 2-yr 
disease-free survival (65% vs 41%, p = 0.01) and increased rate of local control (85% vs 
59%, p < 0.05) in the concomitant chemoradiation group (cisplatin 50 mg/m? weekly) in 
comparison to radiation therapy alone (25). It should be noted that the DFS was improved 
overall in the concomitant arm despite 18% patients receiving only two-thirds of their 
scheduled dose of cisplatin as a result of nausea and vomiting. Mature results from this 
study have not been published to date. 

A Radiation Therapy Oncology Group (RTOG) trial headed by Al-Sarraf, reported the 
results of concomitant single agent cisplatin (100 mg/m’) and standard radiotherapy in 
124 stage III or IV unresectable patients (26). An impressive CR of 70% was seen in all 
patients with a subset analysis of nasopharyngeal patients (28 patients, 27 of which had 
stage IV disease) with CR of 89%. Compared to historical matched controls, the disease- 
free survival, overall survival, and the decreased development of distal metastatic disease 
was greater in the concomitant arm (27). 
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Al Saraf and colleagues have changed the standard treatment of nasopharyngeal 
carcinoma based upon a large randomized, prospective, phase III intergroup trial of 185 
patients randomized to radiation therapy alone or concomitant chemoradiation therapy 
(28). The study population was stratified by T and N stage, pathology, and performance 
status. Patients received 35-39 fractions of daily radiotherapy and were randomized to 
concomitant cisplatin (100 mg/m? on d 1, 22, and 43) followed by three cycles of adjuvant 
cisplatin (80 mg/m?, d 1) and continuous infusion 5-FU (1000 mg/m’, d 1-4) every 

28 d. Overall, superiority of treatment was seen in the concomitant chemoradiation 
therapy arm in comparison to radiotherapy alone with the 3-yr progression-free survival 
(PFS) of 69% vs 24% (p < 0.001) and 3-yr OS of 78% vs 47% (p = 0.005). Hence, the 
recommended standard of care in treating patients with nasopharygneal carcinoma is 
concomitant chemoradiotherapy. 

Carboplatin, an analog of cisplatin, has been shown to have single-agent activity in 
recurrent head and neck cancers (29). Carboplatin is an attractive alternative due to its 
more attractive profile of myelosuppression and peripheral neuropathy in comparison to 
the numerous toxicities often seen with cisplatin including nephrotoxicity, peripheral 
neuropathy, electrolyte imbalance, emetogenicity, and ototoxicity. Jacobs and colleagues 
evaluated 26 chemoradiotherapy naive patients with stage IV SCCA in a phase I/II trial 
of escalating doses of weekly carboplatin (60-400 mg/m?) and conventional radiation 
therapy (30). The maximal tolerated dose (MTD) was 100 mg/m? with favorable response 
rates (52% CR, 24% PR). 

Kamioner and colleagues reported a small French study of 41 patients with advanced 
HNC that were randomized to receive concomitant conventional radiotherapy (70 Gy/39 
fractions/8 wk) in group A with carboplatin 100 mg/m? per wk for 6 wk (31). Group B 
received the same regimen of radiotherapy with cisplatin 20 mg/m? per wk for 6 wk. 
Twenty-nine patients were evaluable with CR of 55% in the cisplatin arm and 69% in the 
carboplatin arm. The mention of this small study cannot establish the superiority of 
carboplatin over that of cisplatin but advocates further study of carboplatin in head and 
neck malignancies. 


3.8. Taxanes 


The taxanes, paclitaxel and docetaxel, act by promoting the assembly of microtubules. 
The taxanes induce cell cycle arrest in the most radiosensitive phase, G,/M thereby 
promoting radiosensitivity. In vitro studies have also demonstrated apoptosis in cell 
culture lines with paclitaxel (32). Paclitaxel dose-dependent synergy is also seen in 
squamous carcinoma cell lines (33). Much literature has been published regarding the use 
of taxanes when combined with radiotherapy. 

Single-agent activity of paclitaxel was initially evaluated by the Eastern Cooperative 
Oncology Group (ECOG) in a select cohort of 34 patients with unresectable, recurrent, 
or metastatic disease (34). The overall response rate was 40% (4 CR, 8 PR). Myelo- 
suppression was the primary toxicity. The median survival was 9.2 mo with a 1-yr 
survival of 33%. 

Hoffman and colleagues evaluated the effects of a 1 h weekly infusion of paclitaxel 
(20 mg/m”, escalating by 10 mg/m? increments) with conventional radiotherapy (35). 
The MTD was 30 mg/m?/wk with the dose-limiting toxicity being mucositis. 

In vitro studies suggested maximum radiosensitization could be achieved by pro- 
longed infusion of paclitaxel (36). A phase I NCI sponsored trial examined the MTD of 
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a 7-wk continuous infusion of paclitaxel with standard radiotherapy in advanced HNC 
patients (37). Moist desquamation was the primary dose-limiting toxicity encountered at 
17 mg/m?/d. The recommended phase II dose is 10.5 mg/m?/d. 

A phase II pilot study examined the effects of 120-h continuous infusion paclitaxel at 
two dose levels (105 mg/m? and 120 mg/m?) when combined with conventional radio- 
therapy in 33 previously untreated patients with stage III/IV HNC (38). At the conclusion 
of treatment, 70% of patients had achieved a CR. The dose level of paclitaxel did not have 
an effect on the CR (p = 1). After 36 mo, locoregional control was achieved in 55.7%, OS 
of 57.8%, and DFS of 51.1%; the median duration of survival was greater than 50 mo. 

As a single agent in the setting of locoregional, recurrent, and metastatic disease, 
docetaxel is also tolerated fairly well with leukopenia as the primary dose-limiting tox- 
icity (39). Response rates have been favorable at approx 42% when administered 
docetaxel (100 mg/m?) every 21 d. Hesse et al. reported on significant toxicities encoun- 
tered in a phase I study of concomitant taxotere (initial dose = 15 mg/m*)/conventional 
radiation therapy (70 Gy) grade 3/4 radiation dermatitis, neuropathy, and thrombocyto- 
penia at dose level 1 (40). Of five evaluable patients three patients achieved a CR and one 
patient achieved a PR. Based on the severity of these toxicities, this treatment schedule 
was not pursued further. 


3.9. Gemcitabine 


Gemcitabine is a deoxycytidine analog associated with minimal toxicity and has dem- 
onstrated in vitro radiosensitization properties in HNC at noncytotoxic concentrations (41). 
Recent in vitro analysis suggests that the etiology may be a result of lowering the threshold 
for radiation-induced apoptosis (42). The antitumor activity of gemcitabine occurs by 
intracellular activation by phosphorylation to gemcitabine triphosphate (dFdCTP), a direct 
inhibitor of DNA polymerization. The intracellular cytotoxic activity of gemcitabine tri- 
phosphate is maintained for 72 h allowing once a week administration. 

The MTD of concurrent weekly gemcitabine to standard head and neck radiotherapy 
has been recently reported ina phase I trial from the University of Michigan (43). Twenty- 
nine patients (28 with SCCA and 1 with medullary thyroid cancer) with unresectable 
HNC received 35 fractions of daily radiotherapy with escalating doses of weekly 
gemcitabine (10-300 mg/m?/wk). Gemcitabine triphosphate levels in biopsy specimens 
were obtained after the first infusion of gemcitabine, prior to radiation therapy. This study 
failed to establish a feasible Phase II dose or dose-escalating correlation of intracellular 
concentrations of dFdCTP at 50-300 mg/m?/wk. The intracellular concentration of 
dFdCTP at gemcitabine doses of 10 mg/m?/wk was nondetectable or barely detectable. 
The most common dose-limiting toxicity (DLT) was grade 3/4 mucositis requiring dose 
deescalation. No DLT was seen at 10 mg/m?/wk. The late toxicity of pharyngeal ulcer- 
ation or obstruction was notuncommon resulting in gastric feeding tubes in eight patients. 
Endoscopies and biopsies were obtained 2—3 mo following the completion of treatment 
with no detectable disease in 66-87% of patients in the various cohorts. These promising 
results encourage the use of gemcitabine as a potent and effective radiosensitizer for 
further study as a single agent or in combination. 


3.10. Irinotecan (Camptosar, CPT-11) 


Irinotecan is a topoisomerase-I inhibitory agent that prevents the initiation and elon- 
gation of RNA transcription, DNA replication, and supercoiling of DNA (44). Investi- 
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gators at Vanderbilt University have demonstrated a schedule-dependent radiosensi- 
tization activity when camptothecin derivatives such as irinotecan are combined with 
radiotherapy (45). Decreased radioresistance was observed when the tumor cell lines 
were exposed to irinotecan before and during radiotherapy, but not after radiation therapy. 

Early studies of human lung xenografts demonstrated an increase of cells in the G,/M- 
phase, after only 1 h of exposure to the lowest dose of SN-38 (the major metabolite of 
irinotecan) demonstrating promising radiosensitization properties for further study (46). 
Clinical trials have been initiated (47). 


4, MULTIAGENT CONCOMITANT TREATMENT 


With promising response rates seen with earlier concomitant single-agent chemo- 
radiotherapy, a series of trials sought to determine if multiagent chemoradiotherapy 
would improve the locoregional control and decrease the development of systemic dis- 
ease despite the increased risk of associated toxicities. 


4.2. Combination Chemotherapy Regimens vs Radiation Alone 


An early trial sponsored by the National Cancer Institute of Canada failed to establish 
a significant difference in locoregional control and overall survival when evaluating 212 
patients with larnygeal or hypopharyngeal squamous cell carcinoma (SCCA) treated 
with 50 Gy in 20 fractions over 28 d or split-course radiotherapy of 25 Gy in 10 fractions 
over 14 d, followed by a 28-d rest and then 25 Gy in 10 fractions over 14 d beginning 
on d 43 with mitomycin C (10 mg/m? on d 1 and 43) in combination with continuous 
infusion 5-FU (1000 mg/m?/d on d 1—4 and 43-46) (48). Nevertheless, this study sug- 
gested that the addition of chemotherapy may overcome the decreased activity of split- 
course radiotherapy. 

An Italian cohort comprised of 157 patients with unresectable stage HI or IV carcinoma 
were randomized to a sequential regimen of four cycles of cisplatin (20 mg/m’, d 1-5), 
continuous infusion 5-FU (200 mg/m?/d, d 1-5), alternating with three cycles of radio- 
therapy (2 Gy/d, 5 d/wk x 2 wk) or conventional radiotherapy (2 Gy/d, 5 d/wk, total 70 Gy) 
(49). Statistically significant responses were seen overall with CR (42% vs 22%, 
p = 0.037), median survival (16.5 mo vs 11.7 mo, p < 0.05), and 3-yr OS (41% vs 23%) 
in the chemoradiation arm vs the radiotherapy alone, respectively. Toxicities were similar 
in both tarms (19% vs 18%). A 5-yr estimate of overall survival has been reported noting 
improved OS in the concomitant chemoradiation group, 24% vs 10%, p = 0.01 (50). Other 
statistically significant parameters in the chemoradiation arm were locoregional relapse- 
free survival (64% vs 32%, p = 0.038) and PFS (21% vs 9%, p = 0.008). 

The combination of cisplatin and 5-FU was evaluated in a large prospective random- 
ized multicenter trial comparing radiation therapy alone to that of radiation therapy 
with concomitant cisplatin (60 mg/m?)/5-FU (350 mg/m”, bolus)/leucovorin (LV) (51). 
Three courses of accelerated fractionated twice-daily radiation therapy were in both 
arms with 13 fractions of 1.8 Gy. The second arm incorporated cisplatin/bolus 5-FU/ 
LV (50 mg/m?) on d 2, with continuous infusion 5-FU (350 mg/m?)/LV (100 mg/m?) 
ond 2-5. The cycle was repeated every 21 d fora total of three courses. Toxicities were 
augmented in the concomitant regimen with 38% of patients having grade 3/4 mucosi- 
tis versus only 16% seen on the radiation only arm (p < 0.001). Grade 3/4 radiation 
dermatitis was also increased on the concomitant arm vs the radiation therapy only arm 
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(17% vs 7%, respectively, p < 0.05). Patients in the chemoradiation arm fared better in 
the 3-yr analysis of locoregional control and survival 35% vs 17%, (p < 0.004) and 49% 
vs 24% (p <0.0003), respectively. However, appearance of distant disease was equiva- 
lent in both arms 10% and 9%. 

Adelstein et al. have recently reported preliminary results of a randomized phase III 
trial in 295 patients with unresectable stage III or IV HNC comparing three treatment 
arms: arm A of standard fractionated therapy (2 Gy/d); arm B was the same regimen of 
radiotherapy with three cycles of concurrent cisplatin (100 mg/m? on d 1 ofa 21-d cycle); 
and arm C was split-course radiotherapy given with three cycles of concomitant cisplatin 
(100 mg/m? on d 1) and continuous infusion 5-FU (1000 mg/m?, d 1—4) to be repeated 
every 28 d (52). Patients were offered surgical resection following cycle 2 and all were 
offered salvage surgery in all treatment arms. As expected, grade III or worse toxicities 
were frequently seen in the concomitant chemoradiation arms 52% vs 86% (p < 0.0001) 
vs 77% (p < 0.001) in arms A, B, and C, respectively. After a median follow-up of 25 mo, 
the concomitant chemoradiation arms fared better with projected 3-yr overall survival 
rates of 20% vs 37% (p = 0.016), vs 29% (p = 0.013) in arms A, B, and C, respectively; 
no difference in overall survival was seen between arms B and C; median survival was 
more favorable in the chemoradiation arms 19.1 mo in arm B, and 14 mo for arm C 
(12.6 mo in arm A). These data support the use of concomitant chemoradiotherapy with 
cisplatin as the minimum in standard therapy. Although encouraging, administration of 
concomitant chemoradiotherapy with standard agents of cisplatin and 5-FU provided 
only modest increases in overall survival indicating the need for improved techniques, 
methodology, and chemotherapy agents. 

Adelstein and colleagues have also recently reported the 5-yr results of a small phase 
II of 100 patients with stage III or IV disease randomized to radiotherapy alone or to that 
of radiotherapy combined with 5-FU (1000 mg/m?/d) and cisplatin (20 mg/m7/d) given 
by continuous infusion on d 1—4 and repeated on d 22 (53). Only patients with residual 
or recurrent disease were to be resected following therapy. Following the completion of 
treatment, 82% of patients were disease-free following radiotherapy alone, with 98% of 
patients remaining disease-free on the concomitant chemoradiotherapy arm (p = 0.02). 
After a median follow-up of 5 yr the OS was not statistically significant (p = 0.55) when 
comparing the two modalities of treatment. This study was also unable to demonstrate a 
decrease in distant disease involvement (p = 0.09). However, fewer patients required 
salvage surgery on the concomitant chemoradiotherapy arm, and the study suggested the 
importance of the role of chemoradiotherapy for primary-site preservation. Of statistical 
significance was the recurrence-free interval (p = 0.04), OS with primary-site preserva- 
tion (p = 0.004), and locoregional control without surgical resection (p < 0.001) in the 
chemoradiotherapy arm. Incorporating similar regimens with the primary goal of site 
preservation is promising to decrease the disfigurement and complications that may 
ensue with initial surgery. 

A randomized study comparing carboplatin/5-FU/radiotherapy vs radiotherapy in 
patients with locally advanced oropharyngeal carcinoma was recently reported by the 
French Group of Radiation Oncology for HNC (GORTEC) (54). Two hundred twenty- 
six patients were randomized to conventional radiotherapy or identical radiotherapy 
combined with three cycles of the 4-d regimen of carboplatin (70 mg/m?/d) and continu- 
ous infusion 5-FU (600 mg/m?/d) ond 1, 22, and 43 of radiation. Increased mucositis was 
reported in the combined modality arm 67% vs 36%. No difference in skin toxicity was 
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reported. The 3-yr OS (51% vs 31%, p = 0.002) and DFS (42% vs 19%, p = 0.003) were 
significantly improved in the concomitant chemoradiation arm. 


5. VARIATIONS IN COMBINED MODALITY 
CHEMORADIATION SCHEDULES 


5.1. Concomitant Split-Course Chemoradiotherapy Trials 


Byfield demonstrated enhanced radiosensitization properties of 5-FU when exposed 
continuously for at least 48 h following radiation therapy (55). Thus, the cytoxicity of 
5-FU is dependent on the exposure time to 5-FU exceeding the doubling time of the tumor 
cell. Based on this premise, a small phase I/II pilot study by Byfield and colleagues 
evaluated 18 patients with advanced HNC to study the effects of dose-escalating continu- 
ous infusion 5-FU (20-30 mg/kg in 5 mg/kg increments) over a 5-d period with four 
sequential daily fractions (250 rads) on d 1-4 (56). The cycle was then repeated after a 
9-d rest period for a total of five treatment cycles. The completed response rate was 
reported at 75% for stage IV patients with the primary toxicity being mucositis. 

Taylor and colleagues have published an 8-yr analysis of Rush Medical College’s 
experience with stage III or IV patients that have received concomitant cisplatin (60 mg/m”, 
d 1), continuous infusion 5-FU (800 mg/m?, d 1-5), and single fraction radiation therapy 
(2 Gy) ond 1-5 (57). The cycle was repeated every other week for a total of seven cycles. 
The sample size was small with 78 patients. Six weeks after initial therapy, 63% had no 
clinical evidence of disease, 37% had a partial response (PR). Overall, 31% of patients 
had recurred or progressed; 24% died from nontumor-related causes. The 5-yr PFS was 
60% in this small cohort of patients with an overall survival reported to be 43%. 

At the University of Chicago an analysis of a small cohort of 39 patients suggested 
activity in head and neck malignancies when hydroxyurea is combined with 5-FU and 
radiation therapy. Patients were given escalating doses of hydroxyurea (500-3000 mg/d in 
500 mg/d increments) with fixed doses of continuous infusion 5-FU (800 mg/m?/d for 
d 1-5) with accelerated fractionated radiotherapy (58). Patients were then given a 9-d rest 
period; one cycle was equivalent to 14 d. The patients were divided into two subgroups 
with an initial subgroup of patients that had been previously treated with surgery and/or 
radiation therapy demonstrating clinical response rates (40% CR, 53% PR) with short 
time to (TTP) of 6 mo; 14 eventually progressed locally. A second subgroup of radiation 
therapy naive patients demonstrated clinical response rates (71% CR, 29% PR) with a 
median time to progression of 14 mo; only three patients failed locally. Failure to recur 
locally in this small subgroup prompted continued investigation of hydroxyurea as an 
adjunct to other chemotherapy agents at the University of Chicago. 

We proceeded with a multi-institutional phase II trial of a select cohort of 60 patients 
who had received limited or no surgery for stage II or III HNC between 1989 and 1996 
(59). High-risk patients with stage HI base of tongue and piriform sinus cancer were 
excluded from this study. The most common primary lesion was of the larynx (33 patients). 
Patients received continuous infusion 5-FU (800 mg/m?/d, d 1-5) and hydroxyurea 
(1000 mg BID x 11 doses, in the evening of d 0-5), radiotherapy was given as a single 
daily fraction on d 1-5 (FHX); d 6-14 were considered to be a rest week. The initial 
endpoint was to improve locoregional control and increase OS. The secondary endpoint 
in this study was to determine if chemotherapy before or during radiation would result 
in less surgery and allow organ preservation. Patients received a total of six to eight cycles 
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of treatment. Thirty-nine patients had received no prior surgery excluding biopsy. 
Primary toxicities encountered were grade 3/4 mucositis and neutropenia. The OS, PFS, 
and locoregional control were 65%, 82%, and 86%, respectively after 5-yr follow-up. 
Two patients developed metastatic disease; eight patients developed a locoregional 
recurrence with three of these patients undergoing salvage surgery for a5-yr locoregional 
control rate of 91%. We believe this is the only study of its kind using concomitant 
chemoradiotherapy for early stage HNSCC patients. 

We then chose to expand on the FHX regimen with the addition of paclitaxel (TFHX) 
for poor-prognosis patients HNC patients in a phase I study (60). Included in this study 
were patients that developed a relapse following radiotherapy or surgery with curative 
intent, unresectable disease, metastatic disease requiring localized radiotherapy, and a 
2-yr survival of < 10% were eligible. Patients were allowed to receive daily or 
hyperfractionated radiotherapy on d 2-6 with concurrent paclitaxel (5-25 mg/m?/d for 
5 d, in escalating increments of 5 mg/m?/d), hydroxyurea (1000 mg BID for 11 doses), 
and continuous infusion 5-FU (600-800 mg/m?/d for 5 d). Granulocyte colony-stimu- 
lating factor (5 ug/kg) was administered on d 7-13. As expected, primary toxicities 
encountered included myelosuppression, dermatitis, mucositis, and diarrhea. Of the 
evaluable patients, 70% achieved a pathologically confirmed CR. At a median follow- 
up of 28 mo, the median PFS is 9.5 mo and the 2-yr survival rate is 32%. The median 
overall survival is 14.5 mo with the estimated 2-yr survival of 32%. No differences 
were seen when comparing previously treated to untreated patients. The recommended 
phase II schedule is paclitaxel (20 mg/m?/d for 5 d), hydroxyurea (1000 mg BID for 
11 doses), continuous infusion 5-FU (600 mg/m?/d for 5 d), and twice-daily hyper- 
fractionated radiotherapy. 

Based on the impressive response rates obtained on the TFHX regimen, a multi- 
institutional phase II study was pursued in 64 untreated stage IV patients at the recom- 
mended phase II dose (6/). Chemoradiation was completed d 1—5, with resumption of the 
regimen on d 14 for a total of five cycles. Patients were also requested to complete 
evaluations pertaining to their quality of life. Eighty-four percent of the patients devel- 
oped grade 3/4 mucositis. After a median follow-up of 34 mo, 3-yr estimates of 
locoregional control were 86% and systemic control was achieved in 79% of patients. 
At 1-yr, chronic sequelae included severe xerostomia in 61% of patients and swallowing 
dysfunction in 47% of patients. Fifteen percent of survivors required feeding tubes. 
Despite these side effects, global quality of life assessment scores changed little in com- 
parison to pretreatment levels and had fully recovered by 12 mo. Emotional well being 
at 12 mo was improved in comparison to pretreatment (p = 0.1). 


5.2. Alternating Chemoradiotherapy 


Merlano and colleagues completed a phase III study comparing sequential vs alternat- 
ing chemoradiotherapy (62). One hundred sixteen patients were randomized to arm A of 
the sequential regimen of four cycles of Vinblastine (6 mg/m”, h 0), bleomycin (30 mg, 
h 6), methotrexate (200 mg, h 24—26), and leucovorin (45 mg, h 48) followed within 
3 wk by definitive radiotherapy or arm B composed of the same chemotherapy regimen 
alternating with three courses of daily fractionated therapy for 2 wk. The difference 
in response rates (52% for arm A vs 64.9% for arm B) was found to be statistically 
significant, p < 0.03, as well as the median PFS (26 vs 34 wk, p = 0.046) without 
differences seen in OS (p = 0.64). 
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5.3. Sequential vs Concomitant Chemoradiotherapy 


Taylor and colleagues randomized unresectable patients to sequential chemo- 
radiotherapy or concomitant chemoradiotherapy (63). The sequential treatment schedule 
consisted of three cycles of cisplatin (100 mg/m? on d 1) with continuous infusion 5-FU 
(1000 mg/m?, on d 1-5) repeated every 3 wks followed by standard daily radiotherapy. 
On the concomitant arm, patients were given seven cycles of cisplatin (60 mg/m? on d 
1) and continuous infusion 5-FU (800 mg/m? on d 1-5) with daily radiotherapy on d 1-5; 
the cycle was repeated every other week. Following chemotherapy patients were given 
the option to be resected prior to receiving radiotherapy. Toxicities encountered in both 
arms were similar with increased instances of cisplatin-induced electrolyte imbalance in 
the concurrent arm. Complete response rates were similar in both arms (50% vs 52%) 
with an increased number of partial responses in the concomitant arm resulting in in- 
creased overall response rate (p = 0.006). More patients in the sequential arm eventually 
died from the disease (p = 0.011). Development of distal disease was similar in both arms 
(10% vs 7%) but increasing instances of locoregional recurrence developed in the se- 
quential arm (55% vs 39%). 

A German study randomized 98 patients with unresectable hypopharyngeal head and 
neck carcinoma to sequential or concomitant chemoradiotherapy (64). Patients on the 
sequential arm received two courses of cisplatin (25 mg/m? for 5 d) and continuous 
infusion 5-FU (750 mg/m? for 5 d) followed by G-CSF for 6 d. The second cycle was 
repeated on d 14 and then followed by standard radiotherapy. Identical dosages of 
chemoradiotherapy were used in the concomitant arm but incorporated a 21-d interval 
between each chemotherapy cycle and G-CSF support. Sequential treatment resulted in 
a CR of 49% in comparison to the concomitant arm of 57%. At 2-yr, the median survival 
was improved in the concomitant arm (53% vs 33%). However, one-third of the initial 
patients enrolled were withdrawn from study due to medical or socioeconomic problems; 
whether this resulted in a significant disparity between the two different treatment arms 
was not noted. Mature data from this trial have not been published to date. 

In a phase I dose escalation study in locally advanced HNC patients, a concomitant 
regimen of weekly docetaxel and irinotecan and conventional radiotherapy was com- 
bined (47). Docetaxel was given over 20 min on d 1, irinotecan was administered as 
30 min infusion on d 3. Three docetaxel/irinotecan dose levels were compared: 20/25 mg/m? 
(level 1), 20/40 mg/m? (dose level 2), and 25/55 mg/m? (dose level 3). Severe asthenia 
resulted in all patients at dose level 3. Myelosuppression was minimal. Complete 
responses were seen radiologically in 75% of patients and a partial response in 25% of 
patients. 


6. INDUCTION CHEMOTHERAPY AND ORGAN PRESERVATION 


The rationale of induction or neoadjuvant chemotherapy is to decrease the locoregional 
tumor burden, decrease the need for surgery, promote organ preservation, and fundamen- 
tally increase the quality of life. A potential secondary role of induction chemotherapy 
is to treat micrometastatic disease and in turn prevent the appearance of distant disease. 
The use of induction chemotherapy has an essential role in laryngeal and hypopharyngeal 
cancers where primary treatment modalities initially included total laryngectomy with 
neck dissection followed by radiation therapy. Hence, patients would possibly suffer 
from loss of voice, develop swallowing dysfunction, and numerous changes in their daily 
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lifestyle. Other aspects include lack of social acceptance, changes in personal hygiene, 
personal appearance, and consequently depression. 

Review of the literature demonstrates little justification for the use of induction 
(neoadjuvant) chemotherapy outside of a clinical trial, unless in the setting of laryngeal 
or hypopharyngeal carcinoma. Five well-controlled studies have evaluated induction 
chemotherapy with the traditional agents, cisplatin and 5-FU, with only one study dem- 
onstrating a survival advantage in the development of locoregional and distant disease 
control, and an improvement in overall survival (65,66). Primarily, induction chemo- 
therapy was not found to have an impact on the prevention of locoregional disease. 
However, in the scenario of laryngeal or hypopharyngeal cancer, induction chemotherapy 
has been shown to preserve laryngeal function (65,66). Therefore, induction chemo- 
therapy outside of a clinical trial cannot be justified unless in the setting of laryngeal or 
hypopharyngeal disease. 

Two trials have established the role of induction chemotherapy in organ preservation. 
The Veterans Affairs Laryngeal Study randomized 332 patients with stage III or IV 
laryngeal carcinoma to receive three cycles of cisplatin/5-FU (PF) followed by conven- 
tional radiotherapy or laryngectomy and conventional radiotherapy (65). Patients were 
evaluated following two cycles of chemotherapy. Patients with a PR received a third 
cycle of chemotherapy followed by radiotherapy. Those patients without initial response 
to induction chemotherapy received laryngectomy followed by radiation therapy. 
Patients with residual disease following the completion of radiotherapy underwent sur- 
gical resection. After two cycles of induction, the overall response rate (ORR) was 85% 
(31% CR, 54% PR). Histological specimens were obtained in 103 patients after complet- 
ing chemotherapy validating a complete response in 88% of patients with a clinical CR; 
45% of those presumed to have aclinical PR were confirmed histologically. Overall, 64% 
of patients had a histological complete response. At a median follow-up of 33 mo, the 
estimated 2-yr survival was 68% in both treatment groups failing to demonstrate a dif- 
ference in overall survival (p = 0.9846). However, the majority of patients (64%) were 
able to preserve laryngeal function. Patterns of recurrence differed between the two 
groups with increased local-regional control (p = 0.0005) and decreased metastases (p = 
0.016) in the induction chemotherapy group. Although there was no significant differ- 
ence in overall survival this demonstrates that induction is feasible in the setting of 
laryngeal carcinoma allowing organ preservation without compromise of overall sur- 
vival. It should be noted that of these 166 patients on the chemotherapy arm, 120 patients 
(72%) had NO or N1 disease. 

The European Organization for Research and Treatment of Cancer (EORTC) con- 
firmed these findings by completing a prospective, randomized phase III assessing the 
efficacy of organ preservation in patients with hypopharyngeal cancer of the pyriform 
sinus or aryepiglottic folds (66). One hundred ninety-four eligible patients were random- 
ized to immediate surgery followed by radiotherapy (94 patients) or induction chemo- 
therapy (100 patients) with cisplatin (100 mg/m’, d 1) and continuous infusion 5-FU 
(1000 mg/m?/d, d 1-5). Patients were assessed by an endoscopic exam after each cycle. 
Patients with a CR or PR following cycle 2 were offered a third cycle of chemotherapy. 
Patients achieving a complete response were treated with radiation therapy; patients with 
stable disease were offered surgery followed by radiotherapy. Induction chemotherapy 
resulted in CR of 54% at the primary site and 51% achieved a CR for locoregional disease. 
Overall, fewer failures were seen distantly (p = 0.041) and an increased median survival 
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was seen in the induction arm (44 mo) vs the surgical arm (25 mo). Unfortunately, the two 
arms failed to show a difference in locoregional recurrence. Induction chemotherapy did 
manage to preserve the larynx in 42% and 35% of patients in 3- and 5-yr estimates of 
survival. Once again suggesting that induction chemotherapy is a feasible alternative if 
organ preservation is desired without compromising duration of survival. However, it 
should be noted that only 31% of patients had N2/N; disease of which only 6% were N3. 
Furthermore, patients with N, disease were eventually excluded from this trial since the 
first six patients failed to achieve a CR following induction. 

An interesting perspective to evaluate in each of these trials would have been to 
include a subset analysis of the quality of life in patients that were disease-free follow- 
ing initial therapy on the combined modality arms in comparison to those that received 
surgery upfront. 

The Dana-Farber Cancer Institute has recently reported the maximal tolerated dose of 
cisplatin, when given in the combination of docetaxel, and 5-FU as induction chemotherapy 
in patients with locally advanced HNC (67). Patients received docetaxel (75 mg/m?, d 1), 
cisplatin at (75 mg/m? or 100 mg/m?) and continuous infusion 5-FU (1000 mg/m? on d 
1-4), to be repeated every 21 d taxoterel platinum and 5-FU (TPF). Patients were given 
antibiotics empirically on d 5—15. Of 43 patients, 13 received the docetaxel at 75 mg/m. 
Toxicities were similar at both dose levels consisting of cisplatin-associated electrolyte 
imbalance in 30% of the patients and grade 3/4 neutropenia in 95% of patients. Patients were 
considered evaluable for response if they completed two or more cycles. The overall clinical 
response rate was 94% (40% CR, 54% PR). Twenty-five patients (58%) agreed to have their 
response pathologically confirmed. Eleven of 12 patients (92%) with a primary site clinical 
CR had negative biopsies; 7 of 13 patients (54%) with a primary site PR had a negative 
biopsy. Based on these promising results in comparison to standard cisplatin/5-FU (PF) as 
induction, a randomized phase III trial comparing TPF to PF is currently underway fol- 
lowed by sequential chemoradiotherapy with carboplatin is currently underway. 

At the University of Chicago we continue to minimize the degree of surgery that must 
be undertaken. Review of our previous combined chemoradiation trials concluded that 
locoregional control was increased at the expense of the development of distant disease. 
Based on this premise, we have incorporated intensive concomitant chemoradiotherapy 
as the primary treatment modality in locoregionally advanced stage II, IV HNC to address 
both locoregional control and distant disease. Recent emphasis on potential benefits of 
chemoprevention provided the impetus for a phase II trial of the combination regimen 
of cisplatin (100 mg/m?) every 28 d (cycles 1, 3, and 5), and continuous infusion 5-FU 
(800 mg/m?, d 1-5), hydroxyurea (1000 mg BID for 11 doses), twice-daily radiotherapy 
(1.5 Gy/d, d 1-5) every other week; one cycle was equivalent to 14 d (68). Patients were 
then given granulocyte colony-stimulating factor (5 ug/kg) on d 7-13. Stage III patients 
were only eligible if the primary tumor involved the base of the tongue or hypopharynx. 
After the completion of treatment, patients with palpable lymphadenopathy underwent a 
neck dissection. Complete excision at the primary site was undertaken if residual disease 
was seen macroscopically. Primary toxicities encountered included grade 3/4 neutropenia 
(81%), thrombocytopenia (78%), and mucositis (57%). Three patients developed sepsis 
and expired. Supportive care including feeding tubes and both blood and platelet transfu- 
sions were required. Elective chemopreventive measures including a-interferon and cis- 
retinoic acid were offered with the majority of patients (34%) declining. Thirteen patients 
had surgery at the primary site and 39 patients had a neck dissection. After a median 
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follow-up of 38 mo, the 3-yr progression-free survival (PFS) was 72%, locoregional 
control was achieved in 92%, and distal control (83%), with an overall survival of 55%. 
Hence, 17% of patients recurred distally despite administration of cytotoxic chemotherapy. 
Whether the addition of induction chemotherapy in this setting could further reduce the 
appearance of distant disease has continued to be addressed at our institution. 

The encouraging results of the Veterans Affairs laryngeal preservation trial has provided 
the foundation for a phase I RTOG (91-11) three-arm study comparing the benefits 
of induction chemoradiotherapy with cisplatin/5-FU vs concomitant chemoradiotherapy 
with single agent cisplatin vs single modality radiation therapy alone. Arm 1 consists of 
standard administration of three cycles of cisplatin/5-FU (continuous infusion) every 3 wk 
followed by standard daily radiotherapy; arm 2 is comprised of three cycles of standard 
bolus infusion of cisplatin every 21 d with concomitant conventional radiotherapy; and arm 
3 is conventional radiotherapy only. Forastiere and colleges (68a) have reported prelimi- 
nary results. At 2 yr., the laryngectomy-free survival was improved in both Arms 1 and 2 
(58% to 66%, respectively) vs 52% in Arm 3. There was no statistical significant difference 
in laryngectomy-free survival or OS when comparing Arm 2 and Arm 3 to Arm 1. This 
study concluded that indication chemotherapy did not differ from radiation therapy alone. 

Investigative studies utilizing induction chemotherapy have provided ample evidence 
of decreased development of distant disease following initial treatment. Although failure 
to demonstrate an improvement in overall survival causes us to conclude that distant 
disease, variances in salvage therapy after recurrence, and other complications are factors 
that need to be addressed to increase overall survival. 


7. META-ANALYSES 


Over 70 randomized trials comparing radiation to chemoradiotherapy have been com- 
pleted in the hopes of ascertaining the absolute benefits of chemotherapy when used as 
an adjunct to radiotherapy in local control, overall survival, and relapse-free survival. 
However, these studies often involved small cohorts. As such, meta-analyses were cre- 
ated to assess a larger patient population and to help determine the absolute benefits of 
the addition of chemotherapy (69-71). 

The largest meta-analysis is the Meta-Analysis of Chemotherapy in Head and Neck 
Cancer (MACH-NC) study evaluating 63 trials with a total of 10,741 patients (Table 2) 
(69). MACH-NC assessed individual data rather than literature-based data with the 
inclusion of updated data and unpublished trials. For two-thirds of the trials, individual 
data were updated to a median follow-up of 6.8 yr. The meta-analysis was subcategorized 
into locoregional treatment with and without concomitant chemotherapy, induction/adju- 
vant chemotherapy, and laryngeal preservation with induction chemotherapy rather than 
definitive treatment for laryngeal and hypopharyngeal tumors. 

The MACH-NC study included a subset analysis of six randomized trials of 861 patients 
evaluating neoadjuvant with or without adjuvant chemotherapy combined with radio- 
therapy vs concomitant/alternating chemotherapy. No significant benefit was associated 
with adjuvant or neoadjuvant chemotherapy. A trend in favor of concomitant or alternating 
chemoradiotherapy was found but was not determined to be statistically significant (p = 
0.23). This analysis demonstrated an absolute benefit of 7% and 8% for concomitant 
therapy at 2 and 5 yr (p = 0.16), respectively, an overall benefit of 4%. In short, if 10,000 
patients were diagnosed with locally advanced HNC, concurrent therapy may benefit 800 
patients over 5 yr. 


Table 2 
Meta-Analyses Overview 


Meta-Analyses 


Stell Munro El-Sayed MACH-NC 
= Number of trials evaluated 28 54 42 63 
X Absolute benefits of chemotherapy 
Induction -2% (NS) 3.7% (p = 0.011) Not known (NS) 2% (p = 0.10) 
Adjuvant -2% N/A Not known 1% (p = 0.74) 
Concomitant 7% (p = 0.02) 12.1% (p < 0.001) 8% (p < 0.005) 8% (p < 0.0001) 
Overall 2.8% (NS) 6.5% (p < 0.001) 4% (p < 0.001) 4% (p < 0.0001) 


N/A = not applicable, NS = not statistically significant. 
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Bourhis et al. have completed a recent review focusing on four previously written 
meta-analyses comparing chemotherapy (induction, adjuvant, and concomitant) plus 
locoregional treatment vs locoregional treatment alone with the end-point of each analy- 
sis being overall survival. Overall, a small but significant advantage with the addition of 
single-agent chemotherapy to radiotherapy was demonstrated (70). It should be men- 
tioned that this review included the MACH-NC trial written by Bourhis and colleagues. 

Stell and colleagues assessed 28 randomized trials published only in the English 
literature (72). Induction and adjuvant chemotherapy was found to have no additional 
benefit (-2% in each); the addition of concomitant chemotherapy provided a7% increase 
in absolute benefit. Therefore, the overall benefit when assessing induction, adjuvant, 
and concomitant chemotherapy was 2.8%. 

Munro and colleagues evaluated 54 trials including those prior to 1965 (7/). Two 
trials included were specifically for maxillary sinus carcinoma and nasopharyngeal 
carcinoma. Additionally, the Veteran’s Laryngeal Cancer study with the end-point being 
organ preservation was also included. In this study, the overall benefit of adding che- 
motherapy was 6.5% (3.7% for induction, 12.1% for concomitant, adjuvant chemo- 
therapy was not assessed). 

El Sayed and Nelson reviewed 42 trials between 1963 and 1993 including six trials 
prior to 1965 and one trial using razoxane, a nonstandard chemotherapy agent (73). 
A drawback to the El Sayed analysis is the inclusion of a single trial that had been 
accounted for twice because of its publication in two different journals. The addition of 
chemotherapy to locoregional treatment added an absolute benefit of 4.0%; absolute 
benefits of concomitant chemotherapy were 8% (neoadjuvant and adjuvant chemotherapy 
were not assessed). 


8. TREATING RECURRENT DISEASE 


Combination regimens utilizing standard chemotherapy as a single modality have 
been attempted with increased toxicities reported but impressive overall and complete 
response rates as high as 27% for patients with recurrent and metastatic disease (74). 
Schrijvers and colleagues concluded that the addition of interferon a-2b (IFN-a) as a 
biomodulator of 5-FU and cisplatin in the recurrent or metastatic setting offered no 
benefit (75). One hundred twenty-two patients were randomized to cisplatin (100 mg/m, 
d 1) and continuous infusion 5-FU (1000 mg/m2, d 1—4) with or without the addition of 
IFN-a. The overall response rates (47.1% vs 38.4%, p > 0.50) and median survival 
(6.3 vs 6 mo, p = 0.49) with and without the addition of INF-a, respectively were similar 
in both arms and were not statistically significant. 

A randomized phase II trial comparing weekly methotrexate (MTX, 40-60 mg/m?) vs 
triweekly paclitaxel (175-225 mg/m? by 3-h or 24-h infusion) in the recurrent or meta- 
static setting was prematurely closed as a result of toxicity and minimal response (76). 

The Eastern Cooperative Oncology Group has studied the combination of high-dose 
paclitaxel and cisplatin with G-CSF support in comparison to low-dose paclitaxel and 
cisplatin in a recent phase III trial (77). Patients with locally advanced, recurrent, or 
metastatic disease were randomly placed on arm A of paclitaxel (200 mg/m? over a 
24-h infusion), cisplatin (75 mg/m7), and G-CSF (starting d 3 until the ANC was >10,000/uL) 
or arm B of paclitaxel (135 mg/m? over a 24-h infusion) and cisplatin (75 mg/m’). 
The treatment was repeated every 21 d until progression of disease or a total of 12 cycles. 
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Despite G-CSF support, neutropenia was frequently encountered (70% in arm A, 
78% arm B). Thirty-one percent of patients failed to complete their recommended treat- 
ment due to toxicity or patient refusal. Overall response rates in both arms were compa- 
rable (35% high-dose combination vs 36% low-dose combination) and were determined 
to be suboptimal not warranting further investigation. 

Murphy and colleagues have reported on a randomized phase III study in recurrent or 
metastatic HNC comparing the standard chemotherapy regimen of cisplatin (100 mg/m?, 
d 1) and continuous infusion 5-FU (1000 mg/m?, d 1-4) every 21 d vs cisplatin (75 mg/m?) 
and paclitaxel (175 mg/m”) every 21 d (78). No difference in survival (p = 0.22) or quality 
of life was noted. 

The relatively high rates of locoregional recurrence following definitive treatment 
require the reconsideration of further radiation in a previously irradiated field. A synopsis 
of previously completed and current trials is presented in Table 3. A phase I trial of 
intensive reirradiation in patients with unresectable recurrent HNC requiring local irra- 
diation has recently finished accrual at our institution. Patients were administered five 
cycles of paclitaxel (100 mg/m?, d 1), 5-FU (600 mg/m?/d on d 1-5), hydroxyurea with 
hyperfractionated twice-daily radiotherapy wk 1 and 2 with the addition of escalating 
doses of gemcitabine (50-300 mg/m?, d 1 only) wk 3-5. Dose-limiting toxicities fre- 
quently encountered included grade 3/4 radiation dermatitis and mucositis resulting in a 
protocol amendment advocating the use of gemcitabine for wk 4 and 5 only. The MTD 
of gemcitabine is 150 mg/m? in this combination regimen. A preliminary analysis reveals 
a CR of 61% of 44 valuable patients (78a). 

We are also currently conducting a phase I/II trial in patients with unresectable, 
advanced, or locally recurrent HNC with potential benefits from reirradiation (Table 4). 
Wechose to evaluate the promising radiosensitization effects of irinotecan by combining 
it with our FHX regimen (79). Patients were given five cycles of irinotecan (5-15 mg/m?, 
d 1-5), continuous infusion 5-FU (600 mg/m/?, d 1-5), hydroxyurea (500 mg BID for 
11 doses), and hyperfractionated twice-daily radiotherapy. Preliminary analysis of 
patients in the phase I setting established a MTD of irinotecan at 10 mg/m’. 

Conceptually, can patients benefit from further radiotherapy in the setting of chronic 
sequelae that they often must endure? A French study addressed this concept by admin- 
istering split-course chemoradiotherapy based on a modified University of Chicago FHX 
regimen to patients with unresectable, locally recurrent HNC (80). Of 33 evaluable 
patients, ORR clinically of 54% (40% CR, 15% PR) with stable disease (SD) in 15%. 
These results were not confirmed pathologically. Grade HI mucositis developed in 27% 
of patients and as a result, four patients required a dose reduction. The mean duration of 
maintaining a CR was 16 mo. The sample size was small but demonstrated the feasibility 
of considering reirradiation in locally recurrent disease. 

Based on encouraging results from an early pilot study completed by Rush-Presbyte- 
rian-St. Luke’s Medical Center, ECOG evaluated previously irradiated patients who 
presented with locally recurrent and/or metastatic disease (8/). Patients received seven 
cycles of cisplatin (60 mg/m’, d 1), continuous infusion 5-FU (800 mg/m, d 1-5), and 
standard daily radiotherapy (d 1-5) to be repeated every other week. All patients devel- 
oped grade 2/3 mucositis. Clinically, the ORR was 74% (48% CR, 24% PR). Median TTP 
was 5 mo. Of interest were three patients that remained disease-free at 44 mo (T2N0), 
86 mo (TON2), and 88 mo (T2N0). 
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Table 3 
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Collaborators N Regimen Results 

Gandia 33 CIFU (800 mg/m’, d 1-5)/Hydrea (1000-1500 mg daily)/ CR = 40%, PR = 15% 
daily hyperfractionated XRT (2 Gy/fraction) (FHX), 
repeated every 14d 

Hartsell 21 Cisplatin (60 mg/m’, d 1)/CIFU (800 mg/m’, d 1-5), CR = 48%, PR = 24% 
and daily XRT (20-70 Gy), every 14d 

Haraf 45 Cisplatin (100 mg/m?, d 1)/CIFU (800 mg/m’, d 1-5)/ At 5 yr: OS = 14.6%, 
Hydrea (1000 mg q12 x 11 doses)/ LRC = 20% 
hyperfractionated twice-daily XRT (1.5 Gy/fraction) every 14 d 

Haraf 48 Paclitaxel/CIFU/Hydrea/XRT At 2 yr: OS = 31%, PFS = 44%, 
(escalated from 2 Gy daily to 1.5 Gy BID) LRC = 59% 

RTOG 96-10 86 5-FU (300 mg/m’ iv bolus, d 1—5)/Hydrea (1500 mg, d 1-5)/ Median OS = 8.8 m, 
hyperfractionated twice daily XRT (1.5 Gy/fraction, d 1-5), l-yr OS = 43 + 11% 
wk 1,3, 5, and 7 

University of Chicago 73 Paclitaxel/5-FU/Hydrea/Gemcitabine/ CR = 61%, PR = 16% 


Humerickhouse 


RTOG 99-11 


In progress 


hyperfractionated twice-daily XRT 
CPT-11/5-FU/Hydrea/hyperfractionated twice-daily XRT 


Paclitaxel (20 mg/m? over 1 h, d 1—5)/Cisplatin (15 mg/m?, d 1-5)/ 
hyperfractionated twice-daily XRT 
(60 Gy total dose in 40 fractions: 1.5 Gy/fraction, d 1-5), 
wk 1, 3,5, and 7 


Pending 
Pending 


N = number of patients, CIFU = continuous infusion 5-FU, Hydrea = hydroxyurea, XRT = radiation therapy, LRC = locoregional control. 
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Table 4 
Schema for Ongoing Trial at the University of Chicago for Patients Requiring Reirradiation 


Within 4 wk of initiation therapy Within 1 wk of initiating treatment DO 

Initial H & P Baseline physical exam Hydrea 

Performance status —> Baseline laboratory work Ez Continuous infusion 5-FU 

Chest X-ray 

Panendoscopy/biopsy | 

Bone scan D 1-5 

CT or MRI Hydrea 

Swallowing evaluation Continuous infusion 5-FU 
CPT-11 


Hyperfractionated twice-daily XRT 


Repeat every 
14d l 


Maximum of five cycles 
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A retrospective analysis of a subset of previously radiated patients with locoregional 
recurrence or progression who were treated with the split-course combination regimen 
of cisplatin-FHX (CFHX) has been reported (82). After a median observation of 46 mo, 
the median survival was 8.5 mo. Patients that received = 58 Gy, had improved 5-yr 
survival (22%), PFS (26%), and locoregional control (40%). 

The RTOG has recently reported on RTOG 96-10, a phase I/II study of a split-course 
chemoradiation schedule of concomitant hydroxyurea (2000 mg prior to second daily 
radiation dose, d 1-5), 5-FU (300 mg/m? iv bolus prior to second daily radiation dose, 
d 1-5), and twice-daily hyperfractionated radiation therapy (1.5 Gy/fraction, d 1-5) to be 
administered wk 1, 3, 5, 7 (83). Seventy-nine percent of the patients received all four 
cycles. Treatment delays of at least one week were required in 32% of patients. Six 
patients died from treatment-related toxicity. Of 81 evaluable patients, common grade 3/ 
4 toxicities that developed included mucositis (19%), oropharyngeal toxicity (17%), and 
neutropenia (19%). Grade 5 neutropenia developed in 7%. After a median follow-up of 
16.5 mo for living patientsthe median overall survival was 8.2 mo. When comparing a 
subset analysis of patients that were previously irradiated > 3 yr prior, the 1-yr survival 
was improved (48% vs 35%, p = 0.17). 

These studies have demonstrated the improved response rates and feasibility of com- 
bined chemotherapy and reirradiation in comparison to standard chemotherapy in this 
setting of otherwise poor prognosis patients. Other chemotherapy agents currently under- 
going investigation trials are those being evaluated in the primary setting including the 
taxanes, topoisomerase I inhibitors, and gemcitabine. 

The RTOG has an ongoing phase II study analyzing the use of paclitaxel and cisplatin 
in combination with split-course concomitant radiotherapy in patients with recurrent squa- 
mous cell carcinoma requiring reirradiation. Cisplatin and paclitaxel are administered d 1— 
5 with concomitant hyperfractionated twice daily radiation therapy on wk 1, 3, 5, and 7. 


9. NEW AGENTS 


A variety of new chemotherapy agents are promising in the treatment of advanced 
HNC. Different combinations with new and old agents to promote decreased radioresis- 
tance, decreased toxicities, and diverse methodology including incorporation of induc- 
tion continue to be investigated. 


9.1. Tirapazamine 


Novel mechanisms of interest include sensitizing hypoxic tumor cell lines to enhance 
radiotoxicity. Tirapazamine is a hypoxia-selective compound 1—2-fold greater in mag- 
nitude in comparison to mitomycin C or porfiromycin (84). Its mechanism of action 
results in a one-electron reduction inducing DNA double-strand breaks and cell death 
under hypoxic conditions. The free radical is oxidized back to the parent compound under 
aerobic conditions. When combined with the platinum compounds, the cytotoxic effects 
may be equivalent to that seen with five times the dose of cisplatin without the toxicities 
that would be encountered if actually administered (85). 

Rishin and colleagues have recently reported results of a phase I trial of conventional 
fractionated radiotherapy with concurrent tirapazamine (290 mg/m7), cisplatin (75 mg/m?) 
wk 1, 4, and 7, and tirapazemine alone (160 mg/m, three times per wk) wk 2, 3, 5, and 
6 for untreated stage IV HNC patients (86). The cohort was small at 20 patients. Dose 
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limiting toxicity of febrile neutropenia developed in 3 of 6 patients requiring a revision 
of the initial treatment schedule by omitting wk 5 and 6 of tirapazamine. Though, survival 
was a secondary endpoint in this phase I study, after a median follow-up of 2.7 yr the 
3-yr OS rate was 69% with a 3-yr PFS rate of 88%. 

Based on this initial study by Rischin et al., the University of Chicago is currently 
accruing for a phase I trial of previously irradiated patients. Patients will receive standard 
daily radiotherapy and tirapazamine (wk 1-3) combined with cisplatin (wk 3 and 5), 
converting to hyperfractionated radiotherapy for wk 4—6. 


9.2. Novel Targets 


The growth factor receptors have been recognized as promising potential cytostatic 
targets in tumor cell growth and survival. Overexpression of the epidermal growth factor 
receptor (EGFR) is recognized in 80—100% of squamous cell head and neck carcinomas. 
Ligand binding of the extracellular domain results in homo- or heterodimerization and 
activation of tyrosine kinase resulting in cell proliferation and activation. Inhibition of 
EGFR has been shown in cell lines to promote apoptosis (87). It has been reported that 
an inverse correlation may exist between EGFR expression and radioresistance (88). 
Administration of the chimeric monoclonal antibody against the EGFR, IMC-C225, has 
been shown to increase radiosensitization in HNC cell lines decreasing tumor cell line 
growth and increasing apoptosis (89). Conceptually, inhibiting the extracellular domain 
and the intracellular domain of tyrosine kinase receptor in combination with radiotherapy 
may further promote tumoricidal activity. 

Baselga and colleagues have provided results from their phase I study of C225 
alone (5, 20, 50, and 100 mg/m?) and in combination (C225 of 5-400 mg/m’) with 
cisplatin (60 mg/m? every 28 d) in patients with solid tumors overexpressing EGFR 
(90). The use of the combination regimen was limited to head and neck or nonsmall- 
cell lung carcinoma patients. The most frequent adverse events reported with C225 
were flu-like symptoms and acneiform rash. Although response was not a primary 
endpoint, 11 of 19 patients (58%) had stable disease; two patients had a PR. Nine of 
13 patients (69%) that had received = 50 mg/m? of C225 achieved disease stabiliza- 
tion and received all 12 wk of therapy. 

Promising results of the oral tyrosine kinase inhibitor ZD 1839 (Iressa) were reported 
earlier this year (90a). Final results are to be published shortly. 


9.3. Vascular Endothelial Growth Factor (VEGF) 


Other potential tumor targets for monoclonal antibodies include the vascular endothe- 
lial growth factor (VEGF), which may have a role in angiogenesis. Inhibition of VEGF 
has resulted in tumor shrinkage in earlier clinical trials. Conceptually, promoting angio- 
genesis and administration of cytotoxic chemoradiotherapy should promote tumor cell 
kill. Bevacizumab is a recombinant humanized anti- VEGF monoclonal antibody. At the 
University of Chicago we have begun accruing patients in a phase I study to assess the 
MTD of bevacizumab when combined with our standard regimen of FHX for patients 
with poor prognosis HNC including patients with locoregional recurrent disease or those 
with bulky locoregional disease. 


9.4. Gene Therapy: Adenovirus 


The mutation of the p53 tumor suppressor gene has been well recognized to be asso- 
ciated in most head and neck malignancies. ONY X-015 is an adenovirus vector com- 
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posed of the wild-type p53 gene with preferential replication in p53 deficient cells caus- 
ing cell lysis. In the setting of recurrent disease, the intratumoral injection of ONYX-015 
when combined with cisplatin/5-FU resulting in an improved overall response rate of 
63% vs the standard regimen of cisplatin/5-FU at 37% (91). Improved results when 
combined with chemotherapy suggest synergistic activity causing augmentation of 
chemotoxicity. In theory, incorporating ONY X-015 with radiosensitizing chemothera- 
peutic agents may result in increased cytotoxicity. Ongoing studies continue to evaluate 
ONYX-015 as a single-agent and in combination with cisplatin/5-FU by intratumoral 
injection and in the intravenous setting but have not been conducted in in vivo radiation 
combination studies. 


10. THE ESSENTIAL ROLE OF SUPPORTIVE CARE 


With more aggressive interventions in controlling locoregional and recurrent disease, 
patients require close surveillance. The importance of a teamwork approach to treating 
HNC patients cannot be underestimated. The expertise of a radiation oncologist, speech 
therapist, pathologist, otolaryngologist, nurse, and oncologist is fundamental in the care 
of these patients. Evaluating the quality of life in these patients is also essential when 
determining the nature of such aggressive chemoradiotherapy that may alter the daily 
lifestyle of these patients physically, including physical appearance and loss of their 
voice, and psychologically; patients may have to sacrifice simple capabilities such as 
their swallowing ability and appreciation of the texture of food. Additionally, the lifestyle 
of these patients has placed these patients at increased risk of developing a second ma- 
lignancy of the aerodigestive tract. Consequently, we encourage monthly clinical exams 
on our patients following the completion of treatment for the first year unless otherwise 
indicated and quarterly CT scans for the first 2-3 yr. Owing to the treatment field that 
radiotherapy involves, quarterly thyroid function studies are suggested because of the 
increased incidence of hypothyroidism. 

During treatment, other supportive measures may include chemoprotectants against 
xerostomia as amifostine for patients receiving radiotherapy. A phase III study com- 
pleted by Brizel and colleagues demonstrated decreased xerostomia in patients receiving 
amifostine prior to standard daily single modality radiation therapy (p = 0.002) (92). 

Recent studies have advocated the importance of pretreatment hemoglobin in the local 
control and survival of advanced head and neck malignancies. In vitro data supports that 
under anoxic conditions increased doses of radiotherapy are needed to obtain the same 
biologic effect (93). Fein and colleagues published results of 109 untreated patients with 
T1-T2/N0 laryngeal carcinoma treated with single daily radiotherapy (two patients with 
N2 were treated with twice-daily radiotherapy) (94). The local control rate was signifi- 
cantly better in those patients with a hemoglobin of 213 g/dL (95%) in comparison to 
patients with hemoglobin <13 g/dL (66%, p = 0.0018). The 2-yr survival was also 
increased in those patients that maintained their hemoglobin 213 g/dL (88% vs 46%, 
p < 0.0018). 

A retrospective analysis of anemia as a prognostic indicator and its impact on the 
efficacy of radiotherapy has been recently published. Patients who received concomitant 
cisplatin (150 mg/m?/wk for 4 wk) and radiotherapy (RADPLAT protocol) for stage IN 
or IV HNC were found to have less treatment interruptions, decreased locoregional 
failure, and improved overall survival if not anemic (95). 
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New trials are needed to incorporate and support investigation of the impact of anemia 
as a primary endpoint since this may have a bearing on prognosis and overall survival. 
Surveying the degree of anemia through blood draws especially in a population of patients 
that is being observed closely for myelosuppression can be completed with relative ease. 
Additionally, if further studies continue to support these aforementioned trials, the amount 
of radiation may possibly be decreased due to increased radiosensitivity at an adequate 
hemoglobin level. In turn, this may result in less radiation fibrosis and decrease the 
chronic sequelae often associated with radiotherapy especially in the setting of 
reirradiation. A phase III trial by the RTOG (99-03) is currently underway where patients 
receiving radiation therapy alone are randomized to receive epoetin alfa (EPOGEN) 
40,000 U 7-10 d prior to initiation of therapy. Patients will be categorized by stage, sex, 
and hemoglobin level (9-10.5 g/dL and 11.5—13.5 g/dL). Results are pending at this time. 


11. FUTURE DIRECTIONS 


Novel approaches when combining standard cytotoxic chemotherapy agents with new 
cytotoxic and cytostatic agents, and improved radiotherapy techniques are promising in 
promoting decreased radioresistance, toxicities, and possibly increased overall survival. 
Outside of an academic setting, cisplatin and 5-FU still remain the standard of treatment. 
Though more aggressive, the aforementioned studies, have overall demonstrated 
improved response rates in locally advanced and recurrent disease. Hence, patients should 
be encouraged to participate in academic clinical trials. Newer agents will continue to be 
discovered and provide a basis for further consideration in the treatment of HNC. 
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1. INTRODUCTION 


Despite recent advances in treatment, lung cancer is still the number one cause of 
cancer mortality in the United States (7). About 95% of the estimated 131,000 new cases 
of nonsmall-cell lung cancer (NSCLC) diagnosed in 2000 will die from their disease (2). 
The focus of this chapter is on the patients who present with locally advanced or stage III 
NSCLC (about 46,000 patients yearly). Although it is tempting to think of stage III 
NSCLC as a uniform stage category, it really contains patient subgroups with disparate 
tumor burdens and prognosis. Included in stage III are patients with involvement ranging 
from potentially resectable T3N1 (small T3 and microscopically involved N1 lymph 
node) to unresectable, locally advanced T4N3 disease (large primary invading medias- 
tinal structures and contralateral mediastinal adenopathy) (3). 

Obviously, this broad range of tumor extent requires an equally broad array of treat- 
ment approaches, ranging from surgery, with or without adjuvant radiation therapy (RT) 
or chemotherapy (ChT), to definitive chemoradiation combinations, to palliative 
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management with ChT and/or radiation. Although this chapter summarizes the range of 
treatment strategies, the majority of stage III patients are treated nonoperatively using 
chemoradiation (4). Although the topic of this chapter is combined modality therapy, it 
is useful to review the impact of RT alone and surgery alone, both of which are essentially 
local therapies. 


2. RADIATION THERAPY ALONE 


Prior to the 1980s, RT was considered the standard treatment for most stage II NSCLC. 
In this pre-computed tomography era there was often little distinction made between the 
disease subsets that now distinguish IITA and IIIB, since both were often considered 
inoperable. It was frequently difficult to make an accurate clinical assessment of medi- 
astinal node status. Early studies of RT established that disease-related symptoms were 
often improved, but that overall disease control was little affected (5). A dose-response 
relationship was established by a Radiation Therapy Oncology Group (RTOG) study, 
showing better local control and short-term, but not long-term, survival with 60 Gy in 
6 wk than with lower doses (6). Failure rates were still high both locally and at distant sites 
even after 60 Gy. Reported 5-yr survival rates were rarely above 5%. More effective local 
and systemic treatments were clearly needed. Analysis of these older data is difficult 
because actual initial nodal status was often not known. Subsequent efforts to improve 
local control with radiation alone by using hyperfractionation to higher total doses than 
60 Gy were met with limited success (7). 

With the advent of more effective staging, some patients with N2 disease were selected 
out for surgical approaches. However, N2 patients not suitable for surgery because of 
poor performance status, weight loss, refusal, or other factors still usually underwent 
irradiation (8). Radiation results are poor in patients with overt N2 disease, but these 
patients generally have bulkier disease than patients who undergo resection. A subset of 
N2 patients was identified in completed RTOG studies of radiation alone that theoreti- 
cally would have been suitable for surgery (similar T stage, good performance status, and 
so on). There was no significant increase in 5-yr survival above 5% seen in this subset 
with standard radiation doses, but hyperfractionated radiation to 69.6 Gy had a 3-yr 
survival of 20% (7,9). The outcome of radiation alone and surgery alone has never been 
directly compared in a randomized trial, nor is it likely to be. However, hyperfractionated 
RT alone (MST 12.3 mo) was not better than standard RT (MST 11.4 mo) ina subsequent 
RTOG phase III trial of patients with inoperable NSCLC, about half of which had IITA 
(N2) disease (10). Benchmark survival data for radiation alone to standard or 
hyperfractionated radiation alone are 1-yr survival of 45-50%, 3-yr survival of 20-24%, 
and 5-yr survival of 5-6% (//). Local control rates remained disappointingly low, around 
25% or less (12). 

Accelerated hyperfractionation has also been explored in an effort to increase the 
biologically effective tumor dose. A phase III trial conducted by the Medical Research 
Council of the United Kingdom of an aggressive three-times-daily regimen of continuous 
hyperfractionated accelerated radiation therapy (CHART) delivering 54 Gy in 12 con- 
tinuous days had significantly better 2-yr survival (29%) than standard radiation to 60 Gy 
(20%) (13). Although in this comparison CHART was better than standard RT, the 2-yr 
survival rates for both study arms seem to be somewhat lower than the benchmark data 
noted above. 
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No distinct advantage has been noted when other forms of external beam irradiation, 
other than photons, or brachytherapy have been used. Neutron irradiation has not proven 
to be better than photons for stage II inoperable NSCLC (14,15). The use of brachytherapy 
has been limited to endobronchial treatment for palliation or as a boost after external 
beam. There have been institutional reports of interstitial brachytherapy, also usually 
done as a boost. Neither of these two approaches has been shown to be superior to external 
beam (16,17). 

By the mid-1980s it was evident that unless higher effective doses of radiation could 
be given to the primary disease, local control would be limited with conventional radia- 
tion alone. Also, effective treatment of occult systemic disease was needed to improve 
overall control. This observation led not only to investigations of high dose delivery using 
techniques such as 3D conformal radiation, currently under investigation, but to various 
combinations of radiation with surgery and/or chemotherapy. Subsequent paragraphs 
will summarize these investigations. 


3. SURGERY ALONE 


Accurate staging of stage III disease at diagnosis is a prerequisite for determining the 
appropriate treatment. The subdivision of stage III into subsets A and B roughly corre- 
sponds to tumors that are potentially resectable and those that are not. Also, because of 
the high risk of occult metastatic disease, stage III patients need thorough screening with 
computed tomography (CT) of the chest and abdomen, contrast CT or magnetic reso- 
nance imaging (MRI) of the brain, and bone scan. Positron emission tomography (PET) 
permits even more precise functional imaging of small tumor deposits not detectable on 
CT or MRI. It can also discern whether equivocal findings on CT or MRI are likely 
attributable to tumor involvement. Although PET imaging is not yet widely available, 
there is increasing evidence validating its utility in optimizing the preoperative evalua- 
tion of NSCLC patients for surgery with a consequent impact on outcome (18). 

In the absence of extrathoracic disease or evidence of overt N2 or N3 mediastinal 
node involvement on CT, and if surgery is being considered, the mediastinal nodes 
should be further evaluated for occult involvement, since neither CT nor MRI have 
better than a 65% overall accuracy (/9). Mediastinoscopy is preferred because it has 
an overall accuracy rate of 95%, a sensitivity of 87%, and a specificity of 100% (20). 
CT and MRI can only suggest lymph node involvement when a threshold size is 
exceeded and cannot identify microscopic disease in a normal sized lymph node (2/). 
In addition, subcarinal and aortopulmonary nodes are not well imaged radiographi- 
cally. Since resectability hinges on distinguishing between N2 and N3 involvement, 
mediastinoscopy is a critical step in the staging process and has only a 2.3% compli- 
cation rate (22). As noted above, PET scanning has the potential to detect occult nodal 
disease; however, the definitive studies to demonstrate that it can supplant mediasti- 
noscopy have not yet been conducted (23). 

Several large surgical series suggest that surgery alone is of limited value for patients 
with N2 disease. Only about one-fifth of patients with N2 disease prove to have disease 
confined to the chest and are potentially eligible for resection. Of these, if the mediastinal 
node involvement is evident clinically, the results of surgery are poor with 10- 
20% survival at 3-5 yr (21,24,25). Patients with multilevel or bulky nodal involvement 
have an even worse prognosis. Patients with radiographically negative mediastinal nodes, 
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but with evidence of microscopic involvement found at mediastinoscopy or on patho- 
logic analysis of the resected specimen, fare somewhat better with long-term survival up 
to 30%, if complete resection is done (25). 

Based on these results and the fact that only a small percentage of N2 patients have 
even the potential to benefit from a solely local treatment, surgery alone is rarely an 
appropriate treatment. The same applies to RT alone, which, in the past, was often the 
treatment of choice for this patient group. RT alone, using standard fractionation and 
doses, yielded only 5-7% 5-yr survival rates and median survivals of < 1 yr. Altered 
fractionation RT to higher doses provided only a slight improvement (7, /0,26). Distant 
metastases are the most common mode of failure (80%) in N2 patients treated solely with 
surgery or RT, with failure appearing early in the disease course (50% within 1 yr), 
consistent with the presence of pretreatment micrometastases. Nevertheless, both ChT 
and RT have been explored in the postoperative and preoperative settings. Postoperative 
ChT has been generally unrewarding, adding only toxicity during the vulnerable postop- 
erative recovery period (27). Postoperative RT has similarly been noted to add toxicity 
and, despite reducing local-regional failure rates, has not been shown toimprove survival 
over surgery alone, although the topic remains somewhat controversial (28). Preopera- 
tive, or neoadjuvant, ChT and RT, alone or in combination, has also been actively inves- 
tigated and may hold greater promise. The following sections will discuss each of these 
areas in greater depth. 


4. POSTOPERATIVE RADIATION THERAPY 


For the purpose of this discussion, only patients with pN2 disease will be considered. 
The data from randomized trials are rather limited, since only several of the trials of 
postoperative RT have considered N2 patients apart from pNO or pN1 disease. 

In the Lung Cancer Study Group (LCSG) 773 study, subgroup analysis showed no 
survival benefit for the N2 patients and local recurrence analysis was not done for the N2 
subgroup (29). The larger Medical Research Council (MRC) study (190 N2 cases) showed 
a trend (p = 0.07) toward a lower local recurrence rate and a trend (p = 0.18) toward an 
improved survival rate (36% vs 21%) in the irradiated group compared to surgery alone 
(30). However, the freedom-from-distant-metastases rate was significantly lower (p = 
0.03) in the RT group. A recent MRC meta-analysis suggested neither a decrease nor an 
improvement in survival rate with postoperative RT for N2 patients (31). 

Each of these studies can be criticized for design flaws and for use of RT doses or 
techniques that many would consider nonideal (28). The MRC study used midline spinal 
cord blocking and a suboptimal dose (the equivalent of 42 Gy at 2 Gy/fx) for microscopic 
disease (30). Most consider the minimum RT dose for this purpose to be 50 Gy at 2 Gy/fx. 
The sample size for each individual study was too small to detect small survival differ- 
ences. The MRC meta-analysis pooled data which included studies that used signifi- 
cantly older equipment with submegavoltage beam energy, inadequate treatment 
volumes, and substandard techniques. In some of the trials analyzed, the doses were too 
low for control of micrometastases (approx 40 Gy) and in others the doses were higher 
than needed (approx 60 Gy) putting the patients at greater risk for toxicity. Thus, the 
studies making up the meta-analysis were flawed. It is not possible that the meta-analysis 
corrected those flaws. Thus, it is not surprising that the meta-analysis did not find a 
survival benefit for postoperative RT or that the topic still remains controversial. 
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Ironically, some of the strongest support for postoperative RT is found in retrospective 
institutional reports (32,33). For example, regression analysis of 224 patients receiving 
postoperative RT found that the administration of postoperative RT was the dominant 
independent prognostic factor in predicting both a lower rate of local-regional recurrence 
and a higher rate of survival (p = 0.001 for both) (34). Four-year survival in the irradiated 
group was also twice that for surgery alone (40% vs 22%). Further analysis of the trial 
showed that the survival benefit applied with greater likelihood to patients with the 
highest risk of local-regional recurrence and mortality, namely, those with multiple N2 
nodes involved. Although such evidence is suggestive, it does not carry the imprimatur 
of a randomized, controlled trial. The definitive randomized trial of postoperative RT 
alone has not yet been performed. Despite the absence of definitive evidence of a survival 
benefit, RT may be justified for the N2 subset of patients, especially those with multiple 
nodes involved, on the basis of a large body of strong but nondefinitive evidence. 


5. POSTOPERATIVE CHEMOTHERAPY OR CHEMORADIATION 


Three prior Lung Cancer Study Group (LCSG) studies have suggested postoperative 
cisplatin-based chemotherapy may have an impact on survival of NSCLC patients with 
pathologically documented stage I/II disease. Although a treatment effect has been 
detected for nonsquamous cancer, and is suggested for squamous cancer, the treatment 
effect has been of marginal significance (35). Other studies have shown a modest 
improvement in disease-free survival with the use of chemotherapy after surgery, but 
little impact on overall survival (36,37). A frequent problem with postoperative chemo- 
therapy has been the inability to deliver all the planned amount of drug in patients 
recovering from lung resection. Drug delivery rates of around 50% are often the rule. 

To investigate further the role of postoperative therapy, an intergroup trial (0115) was 
designed to determine if the combination of cisplatin/etoposide and RT was superior to 
RT alone in increasing local control and in prolonging survival in patients with com- 
pletely resected Stage II and ITA NSCLC (38). The estimated baseline median survival 
for resected IIIA (N2) patients receiving postoperative RT was 20 mo and it was hoped 
that the adjuvant therapy might increase that by 40%. The study accrued 351 eligible 
patients for analysis with a median follow-up of 37 mo. Grade 3 and 4 toxicities were 
significantly higher in the combined treatment arm (leukopenia, 25% vs 9% and esoph- 
agitis, 65% vs 1.3%). Consequently, fewer patients received all of the prescribed protocol 
treatment on the ChT/RT arm than did patients on the SRT arm. Treatment-associated 
mortality was about 2.5% in both arms. Median survival in the RT arm was 41.1 mo and 
38.6 mo in the ChT/RT arm (p = 0.99). Subgroup analysis showed no benefit to survival 
for either treatment arm. The conclusion was that ChT adjuvant to postoperative RT does 
not improve survival over postoperative RT alone for resected Stage II and HIA NSCLC. 

Unfortunately, the intergroup trial did not answer the question of whether postopera- 
tive radiation alone has an impact. It proved only that the addition of ChT to radiation did 
not improve the outcome over postoperative radiation alone and it added unnecessary 
toxicity. The issue is also being tested in an ongoing CALGB phase III trial in which all 
patients receive postoperative ChT and are randomized to receive postoperative RT or 
not following completion of the ChT. Future investigations of postoperative therapy will 
explore the addition of less toxic therapy to postoperative irradiation, such as low-dose 
long-term maintenance ChT, immunotherapy, angiogenesis inhibitors, or signal trans- 
duction inhibitors. 
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Table 1 
Major Subsets in Stage III NSCLC 
Group Subsets 
Minimal, nonbulky disease e T3NO or N1 


e Nonenlarged N2 nodes on CT scan 

e Microscopic N2 only (negative CT scan) 
Nonminimal, bulky disease e Bulky N2 on CT scan or chest X-ray 

e T4 (no effusion) 

°N3 


6. NEOADJUVANT THERAPY, IN GENERAL 


Clearly, for this strategy, the patients must be considered operable at the time of 
preoperative staging. Thus, the majority of cases treated in this fashion will have IHA 
disease. Mediastinoscopic documentation of N2 status is usually done. 

Before effective ChT, preoperative RT was attempted based on the concept that it 
would decrease the primary tumor burden and might reduce the risk of distant dissemi- 
nation at the time of surgery. Beginning with early studies by the Veterans Adminis- 
tration, the results of preoperative RT did not improve overall survival, although 
one-fourth of the patients had no viable tumor in the resected specimen (39). On the 
basis of the above findings, the adjuvant role of systemic ChT has been actively inves- 
tigated in stage III NSCLC over the past two decades. These investigations have dem- 
onstrated that neoadjuvant cisplatin-based regimens are well tolerated and offer the 
potential to reduce local tumor burden, as well as to eradicate regional and distant 
micrometastases. Preoperative ChT is better tolerated than ChT given during the post- 
operative recovery period. 

Two basic strategies of neoadjuvant treatment have been employed, namely, induc- 
tion ChT followed by surgery and induction chemoradiation followed by surgery. 
There were a number of Phase II feasibility studies of neoadjuvant therapy in the 1980s; 
however, their interpretation is hampered by variability of the regimens, differing 
patient eligibility, and the use of pre-1986 American Joint Committee on Cancer 
(AJCC) staging, which did not divide stage III into A and B, making it difficult to 
separate out N2 patients. The trials also differed in method of documentation of N2 status 
(radiographic vs histologic), by which patients underwent surgery (those with stable 
disease or those with responding tumors), and in the definition of a complete resection 
(removal of gross disease vs complete resection with negative margins). Definition of 
what is meant by “bulky” N2 disease has also varied, including, in some trials, the 
presence of a single N2 node with intranodal involvement, in other trials, involved nodal 
stations N5 or N6 only, and in others, positive N7 nodes (Table 1). Finally, in some of 
the surgical trials, resection rate and survival is stated only in terms of those undergoing 
thoracotomy, not including those that received preoperative treatment and were unable, 
for various reasons, to go to surgery. 

Theoretically, preoperative ChT allows higher drug doses than when used with radia- 
tion, optimizing control of occult micrometastases. The disadvantage of excluding radia- 
tion is a reduced likelihood of control of bulky local/regional disease. 
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7. PREOPERATIVE RADIATION THERAPY 


Several early investigations explored preoperative RT. In a comprehensive review, 
it was concluded that preoperative RT improves resectability and local control (40,41). 
Preoperative RT regimens provide pathologic complete response in 15—45% of patients, 
but with increased operative complications (doses above 45 Gy). Randomized trials have 
failed to show a survival benefit when preoperative radiation was compared to surgery 
alone, but many of the trials are fairly old and modern staging techniques were not used. 
A more recent randomized phase II trial of the Lung Cancer Study Group (LCSG 881) 
gave preoperative RT of 44 Gy to patients with pathologically proven IIA disease, 
yielding only a 12 mo median survival and pathologic complete response (CR) in 
only 1/33 patients (42). Thus, despite more modern methods, results of preoperative RT 
and surgery do not appear to increase survival. 


8. PREOPERATIVE CHEMOTHERAPY 


Several institutional and cooperative group trials of preoperative cisplatin-based ChT 
established the feasibility of preoperative ChT patients with clinical N2 disease. Interpre- 
tation of the available data is difficult. A variety of induction regimens have been reported 
from trials using heterogeneous patient populations with variable performance status. 
Some of these trials have used rigorous mediastinal nodal staging and others have used 
only clinical staging. The bulk of mediastinal node involvement has varied and has 
sometimes included patients with NO and N1 stage III disease because of the version of 
the AJCC staging system in use then. In some of the trials, postoperative radiation was 
given to patients with persistent mediastinal nodal disease at thoracotomy (43,44). These 
early studies used first-generation ChT with low-dose cisplatin and the radiation was 
added variably after surgery. The major response rates were around 75%, with complete 
resection possible in about 35-65%, and complete clearance of tumor in the final pathol- 
ogy in up to 20% of patients. Treatment-related mortality ranged from 5 to 15% and 
overall survival rates were around 25% at 3 yr and 15% at 5 yr (Table 2). 

No large phase III trials have yet been reported comparing surgery alone to neoadjuvant 
ChT and surgery for biopsy-proven N2 disease; however, several small randomized 
studies have suggested a survival benefit for preoperative ChT (Table 3) (45—48). Rosell 
et al. used three cycles of mitomycin, ifosfamide, and cisplatin in 60 patients prior to 
surgery and reported a median survival of 26 mo for combined therapy compared to 8 mo 
for surgery alone (45). Using three cycles of cyclophosphamide, etoposide, and cisplatin 
preoperatively and additional ChT postoperatively, Roth et al. reported significantly 
better median survival in 60 patients with combined therapy (64 mo) compared to surgery 
alone (11 mo) (47). An even smaller phase III study of 28 patients suggested a trend 
toward improved survival with two cycles of induction cisplatin and etoposide followed 
by surgery. Conclusions from these trials are limited because of the lack of statistical 
power, lack of uniform staging, and the unusually poor survival of the surgery only 
patients in some of the trials. In 1994 the European Organization for Research and 
Treatment of Cancer (EORTC) launched a multicenter randomized trial (08941) to com- 
pare the efficacy of surgery vs radiotherapy after neoadjuvant ChT for stage II (N2) 
NSCLC. The trial is still ongoing, but, when complete, should provide an important 
insight regarding the role of both surgery and radiation (49). 
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Table 2 
Preoperative MVP or VP for Stage IIIA (N2) Nonsmall-Cell Lung Cancer 


Complete Operative Median 


Number resection mortality survival 
Study of patients Radiation (%) (%) (mo) 
Memorial (43,95) 136 Variable (intraoperative, 65 4.4 19 
postoperative) 
Toronto (92) 55 Postoperative 51 8.0 21 
LCSG (42) 20 None NA 17.0 13 
CALGB (44) 74 Postoperative 62 3.1 15 


CALGB, Cancer and Leukemia Group B; LCSG, Lung Cancer Study Group; MVP, mitomycin/ 
vinblastine/cisplatin; VP, vinblastine/cisplatin; RT, radiation therapy. 


9. PREOPERATIVE CHEMORADIATION 


The objective of induction chemoradiation is that the ChT will both eradicate occult 
micrometastases and radiosensitize the local-regional disease to augment its response to 
radiation. The LCSG showed the feasibility of this approach in two phase II studies using 
cisplatin-based ChT with relatively low-dose RT (15-30 Gy) (50,51). Operative mortal- 
ity ranged from 0 to 7% with overall response rates of around 50% and complete response 
rates of about 34%. Median survival times were 11 and 13 mo. On the basis of these trials 
higher doses of RT were tested, again with cisplatin-based ChT, showing improved 
response rates and complete resection possible in 60-70% of patients (52,53). Median 
survivals improved to 15 to 22 mo, although some patients with T3 disease were included. 

The Southwest Oncology Group (SWOG) conducted the largest phase II trial 
(126 patients) of a somewhat intensified induction chemoradiation regimen, enrolling 
both IIIA and IIIB patients (54). They used two cycles of cisplatin (50 mg/m, d 1 and 8) 
and etoposide with 45 Gy/25 fractions. All patients had mediastinoscopic documentation 
of nodal status and had thoracotomy unless there was disease progression. Both IIIA and 
IIIB patients had a high rate of resectability (85% and 80%) and two out of three patients 
had either no tumor or minimal residual tumor at final pathology. Surprisingly, both IA 
and IIIB patients had promising 3-yr survival rates (27% and 24%) and those with no 
tumor in the specimen had 3-yr survival of 44%. Patients with T4 disease had similar 
survival as those with N2 disease, but patients with N3 disease had poor survival. 
The preoperative treatment did not seem to significantly increase operative mortality 
(6%) and treatment-related mortality was 10%. Patterns of failure suggested that the 
local-regional component of treatment was quite effective, with the majority of failures 
at distant sites, especially brain. 

Thus, the intensified SWOG induction regimen seemed to provide an improved out- 
come without a significant increase in morbidity/mortality compared to the earlier stud- 
ies. Some attempts by other investigators to further intensify the induction regimen 
resulted in unacceptable toxicity (55,56). However, two recent German phase II trials 
have safely used intensified regimens incorporating hyperfractionated accelerated RT 
(57,58). The RT consisted of 45 Gy in 3 wk using 1.5 Gy bid concurrent with either 
cisplatin/etoposide or carboplatin/vindesine after the same drugs had been given alone 
at higher dosage. Acute toxicity was acceptable and treatment-related deaths were 9% or 
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Table 3 
Randomized Trials of Surgery With or Without Preoperative Chemotherapy in Resectable Nonsmall-Cell Lung Cancer 


2- to 3-Yr Survival Rates 


Number 
Study of patients Stage subset(s) ChT Radiation ChT No ChT p Value 
NCI (48) 28 N2 by biopsy EP x 2 preop.; Postop. only 46% 21% 12 
x 4 postop. in non-ChT arm 
Japan (46) 83 Clinical IA & select HIB VdP preop. 50-60 Gy with ChT 37% 40% NS 
Roth (47) 60 Mixed III CyEP x 3 preop. Only if residual disease 56% 15% <.05 
(N2 not required; some IIIB) and x 3 postop. at surgery 
Rosell (45) 60 Mixed NIA PIM x 3 preop. Postop. for both arms 30% 0% <.05 


(N2 not required) 


CyEP, cyclophosphamide/etoposide/cisplatin; EP, etoposide/cisplatin; NCI, National Cancer Institute; PIM, cisplatin/ifosfamide/mitomycin; VdP, vindesine/ 
cisplatin; preop., preoperatively; postop., postoperatively; ChT, chemotherapy; NS, not significant. 
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Table 4 
Concurrent Chemoradiation Followed by Surgery for Stage III Nonsmall-Cell Lung Cancer 
T3NO-1/T4, Complete Operative Median 
Number N3 resections mortality survival 
Study of patients (%) ChT (%) (%) (mo) 
SWOG (54) 126 0/40 EP 71 8 15 
LCSG (51) 85 0/13 PF 52 7 13 
Rush-Pres. (52) 85 21/6 PF/PEF 71 4 22 
CALGB (95) 41 20/0 PVF 61 15 16 
Eberhardt (58) 94 6/12 EP 53 6 19 
Choi (93) 42 0/0 PVF 81 7 25 
Granone (94) 82 0/11 Cbo/E 95 1 NS 


CALGB, Cancer and Leukemia Group B; EP, etoposide/cisplatin; LCSG, Lung Cancer Study Group; 
PEF, cisplatin/etoposide/5-fluorouracil; PVF, cisplatin/vinblastine/5-fluorouracil; SWOG, Southwest 
Oncology Group; Cbo/E, carboplatin/etoposide; NS, not stated. 


less. Overall 3-yr survivals were around 35% and were about 25% for IIIA patients and 
17% for IIIB patients. Up to 50% of patients had a complete pathologic response, which 
predicted for improved long-term survival of around 75% at 3 yr (Table 4). 

On the basis of the phase II experience with induction chemoradiation, in the early 
1990s, two cooperative group phase III trials of chemoradiation for WIA (N2) NSCLC 
were initiated. The trial started by the RTOG and the Eastern Cooperative Oncology 
Group (ECOG) compared chemotherapy + radiation therapy with chemotherapy + sur- 
gery (RTOG 89-01). The trial started by the SWOG compared chemoradiation alone to 
induction chemoradiation followed by surgery, using the SWOG 8805 regimen. In order 
to avoid poor accrual by having two phase III trials competing for the same patient 
population, in 1992, the two trials were merged into an RTOG-run intergroup phase III 
study (INT 0139) following the SWOG schema. INT 0139 included only IIA (N2) 
patients and required rigorous mediastinal nodal staging. In both arms, two cycles of 
cisplatin (50 mg/m’, d 1, 8,29, 36) and etoposide (50 mg/m’, d 1—5 and 29-33) were used 
concurrent with radiation therapy (45 Gy/5 wk). Patients were randomized to receive 
either surgery 2—4 wk later or to continue with two more cycles of ChT and an additional 
16 Gy at 2.0 Gy/fraction. The study enrolled over 400 patients and it constitutes the 
largest study of the N2 subset. 

The INT 0139 trial essentially asked whether the addition of surgery to chemo- 
radiation is necessary. Until the trial is mature we cannot be certain of the role of 
surgery after chemoradiation. The International Association for the Study of Lung 
Cancer (IASLC) recently issued a consensus statement stating that it is premature to 
conclude that surgery is the standard of care after neoadjuvant therapy for patients with 
marginally resectable N2 disease, since it has not yet been proven to be superior to 
chemoradiation alone. The same could be considered true for the cohort of patients with 
minimal-bulk N2 disease, in view of the small numbers of patients studied and subset 
biases. Depending on the outcome of INT0139, future directions could include further 
study of the more intense regimens described in the German reports, expansion of the 
preoperative chemoradiation approach to include selected IIIB patients, 3D conformal 
radiation therapy, newer generation chemotherapy (paclitaxel, gemcitabine, and so on) 
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and/or the addition of noncytotoxic adjuvants such as angiogenesis inhibitors or other 
biologics. The potential for toxicity of these induction regimens must not be over- 
looked as there remains the potential for an increased risk of postoperative complica- 
tions (bronchial stump leak, ARDS, and so on) whenever more treatment is added to 
the mix. 


10. CHEMORADIATION ALONE FOR INOPERABLE STAGE III NSCLC 
10.1. Induction Chemotherapy and Radiation Therapy 


It became evident in the 1980s that cisplatin-based chemotherapy improved the sur- 
vival of patients with advanced NSCLC compared to supportive care (59,60). The higher 
response rates for stage III compared to stage IV disease, suggested there could be a 
theoretic advantage to pretreat stage HI patients with ChT before RT. Smaller tumors 
with better oxygenation would potentially be more radioresponsive. Using ChT before 
radiation would allow assessment of chemoresponsiveness and gage the likelihood of 
controlling occult micrometastases. Phase II studies of induction (neoadjuvant) ChT 
followed by standard RT (60—63 Gy/6-—7 wk) reported up to 80% response rates, 16 mo 
median survivals, and 30% 2-yr survivals (6/). Based on these observations, a series of 
phase III trials followed comparing RT with and without induction ChT, usually targeting 
good performance patients (KPS = 70 and weight loss < 5%). 

The first of these trials (8433) was conducted by the Cancer and Leukemia Group B 
(CALGB) and randomized patients to an induction regimen of vinblastine (Smg/m? 
weekly x 5 wk) and cisplatin (100 mg/m? wk 1 and 5) plus standard radiation 60 Gy in 
6 wk) or standard radiation alone. Although closed early when interim analysis showed 
superior median survival with chemoradiation (13.6 mo) compared to radiation alone 
(9.7 mo), long-term follow-up verified a persistent survival benefit for combined therapy 
at 5 yr of 19% vs 7% for radiation alone (62). The RTOG essentially verified this finding 
by comparing the same two regimens in two arms of their three-arm phase II intergroup 
trial 88-08, showing that long-term survival was statistically superior with the combined 
regimen. Although the median survivals in RTOG 88-08 were nearly identical (11.4 and 
13.2 mo) to CALGB 8433, the 5-yr survival rates were lower at 8% and 5%. Nevertheless, 
the trial verified the CALGB findings and helped set the stage for induction chemo- 
radiation becoming the new benchmark treatment for inoperable stage HI NSCLC. 

Almost concurrently with the CALGB study, the French CEBI trial explored induction 
ChT followed by concurrent chemoradiation, using a four-drug cisplatin-based regimen 
before and during 65 Gy vs 65 Gy alone (63). Despite inclusion of some patients with 
worse performance status (Zubrod 0-2) and no exclusion for weight loss, the results 
significantly favored the combined approach, although the survival rates were somewhat 
lower than in CALGB 8433. 

Other trials attempted to improve the results of sequential chemoradiation by using 
newer ChT agents and/or intensifying the RT component by the use of accelerated frac- 
tionation, based on the success of the British CHART regimen. A phase II trial of paclitaxel 
and carboplatin followed by hyperfractionated accelerated radiation therapy (HART) to 
57.6 Gy tidin 3 wk gave a 1-yr survival of 59% and a severe acute esophagitis rate of 63% 
(64). At the time of the report, the median survival had not yet been reached. On the basis 
of this trial, ECOG phase III trial 2597 is comparing the HART regimen to standard 
radiation, both preceded by paclitaxel/carboplatin. 
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Failure pattern analysis of the CALGB and French trials showed that local persistence 
or failure still occurred in around 80% of patients despite the ChT; however, the incidence 
of distant metastases as a first site of failure was significantly lower in the combined 
modality group, confirming the theoretical potential that ChT could effect distant 
micrometastases. Subsequent meta-analyses confirmed the superiority of induction ChT, 
using a cisplatin-based regimen, and RT over radiation alone (60,65). Thus, sufficient 
evidence was now in place to establish induction chemoradiation as a world-wide stan- 
dard of care. To further improve outcome, steps would have to be taken to improve local 
disease control as well. 


10.2. Concurrent Chemoradiation 


The rationale for concurrent chemoradiation is that the ChT can augment local-regional 
control by both direct tumor cell killing and radiosensitization at the same time as it 
addresses systemic micrometastases. Unfortunately, this also has the potential to increase 
radiation-related mucosal acute toxicity, predominantly esophagitis and pneumonitis. 
Thus, some of the early trials of concurrent therapy used either attenuated dose ChT or 
split course RT to ameliorate potential cotoxicity. These trials showed that concurrent 
therapy is feasible and, as with the sequential approach, improves outcome. 

In 1991, the EORTC reported significantly improved 3-yr survival with concurrent 
reduced-dose cisplatin (either 30 mg/m? weekly or 6 mg/m? 5 d per week) and split course 
RT (30 Gy/2 wk + 25 Gy/2 wk) compared to the same RT alone (26% vs 13%) (66). 
In contrast to the sequential chemoradiation strategy, failure analysis showed a reduced 
risk of in-field failure with the concurrent regimen (70% vs 81%). A smaller European 
phase III trial using twice daily RT with and without concurrent cisplatin and etoposide 
also reported more favorable outcome with the concurrent chemoradiation regimen and 
a similar reduction of local failure rates (67). 

In an effort to optimize the opportunity for systemic and local control, subsequent 
studies focused on testing higher-dose ChT, incorporating newer ChT agents, and using 
full-dose, nonsplit course RT. 

To exploit intensified RT, the North Central Cancer Treatment Group (NCCTG) 
reported that full dose cisplatin/etoposide along with accelerated hyperfractionated tho- 
racic radiation therapy (AHTRT) yielded a median survival of 18 mo, significantly better 
than observed with sequential chemoradiation (68). Unfortunately, a phase III study 
comparing the regimen to standard RT was closed early since it was felt standard RT 
alone was no longer appropriate (26). 

After phase I trials had determined the safety of paclitaxel doses of 45-50 mg/m?/ 
wk and carboplatin of AUC 2/wk concurrent with standard RT of 66 Gy/7 wk, phase 
I trials yielded encouraging survival results (69). Acute esophageal grade III or greater 
toxicity was high (30-50%); however, most patients fully recovered from these acute 
effects. Choy extended the experience with concurrent radiation and paclitaxel/ 
carboplatin using hyperfractionated radiation to 69.6 Gy and observed a 1-yr survival 
of 63% (70). 

Despite the emerging data suggesting concurrent chemoradiation was superior to 
radiation alone, it was not until 1998 that phase III evidence became available that 
concurrent chemoradiation might provide superior survival outcome compared to the 
less toxic sequential chemoradiation approach. In a Japanese phase III trial, concurrent 
and sequential chemoradiation were compared using two cycles of full dose mitomycin, 
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vindesine, and cisplatin (MVP) either before or during radiation therapy to 56 Gy/6 wk 
(71). The radiation was continuous course in the sequential approach, but there was a 
2 wk split between two courses of 28 Gy/3 wk for the concurrent regimen. The ChT 
doses were not reduced in the concurrent arm and the split course may have conferred 
some protection from ChT-enhanced acute radiation toxicity, since the rate of severe 
esophagitis was low in both study arms. There was better short-term survival (MST 
16.5 mo vs 13.3 mo) and long-term survival (5-yr survival of 15.8% vs 8.8%) for the 
concurrent regimen compared to the sequential regimen. The similarity of the 13.3 mo 
median survival time for the sequential approach to the previously reported phase II 
experience with sequential chemoradiation seemed to validate the comparability of the 
Japanese data. 

The RTOG recently completed a three-arm phase II trial (94-10) comparing sequen- 
tial chemoradiation to two concurrent chemoradiation regimens, one using standard 
radiation, the other using hyperfractionated radiation. The ChT was cisplatin/etoposide 
in the arm with concurrent hyperfractionated radiation and vinblastine/cisplatin in the 
other two arms. From 7/94 to 7/98, 610 good performance (KPS >60; weight loss < 5%) 
patients were randomized on 94-10. At 2-yr follow-up of 592 patients, preliminary results 
showed significantly improved median survival (17.1 vs 14.6 mo) with concurrent ChT 
and standard radiation compared to sequential ChT and standard radiation (p = 0.038) 
(72). Time to in-field progression was significantly longer for concurrent ChT and hyper- 
fractionated radiation, but survival was not better than in the other two arms. There was 
significantly higher grade 3 or greater acute nonhematologic toxicity for concurrent ChT 
and hyperfractionated radiation (62%) compared to the other two arms (30% and 48%). 
Further follow-up is needed to assess long-term survival, but this large trial seems to 
confirm the Japanese trial and the phase II data favoring concurrent over sequential 
chemoradiation. 

The last decade has led to the development of a number of new generation chemothera- 
peutic agents in addition to the taxanes, paclitaxel and docetaxel, already discussed 
above, many of which have novel mechanisms of action and significant single-agent 
activity against NSCLC. One advantage of the taxanes is that they are somewhat easier 
to administer than cisplatin-based regimens and may be associated with reduced toxicity. 
In some trials, carboplatin has supplanted cisplatin for similar reasons. Other new agents 
include the vinca alkaloid vinolrelbine, the topoisomerase I inhibitor irinotecan, and the 
nucleoside analog gemcitabine (73). These new agents have all been combined in some 
form with cisplatin for treatment of metastatic NSCLC and have demonstrated improved 
response rates and survival (74). Their other unique feature is a shared ability to have 
radiosensitizing properties and to have synergy with RT (75-78). Based on this informa- 
tion a number of clinical trials are now planned or underway to combine these new agents 
with radiation for stage HI NSCLC. These trials will help sort out issues regarding 
optimal dosing and scheduling of the new agents, and the best way to combine them with 
radiation. Another novel compound undergoing preliminary investigation is the 
benzotriazine tirapazamine (SR259075), which is a specific cytotoxic for hypoxic tumor 
cells. Hypoxia is felt to impart resistance to both radiation and ChT (79). It is outside the 
scope of this chapter to discuss these new agents in detail and they are more thoroughly 
discussed elsewhere in this text. 

There has been widespread acceptance of some of the new generation ChT agents 
like paclitaxel and carboplatin because of their more favorable toxicity profile and 
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greater ease of administration. Although they appear to be as efficacious as cisplatin- 
based regimens when used in stage IV NSCLC, they have never been compared head- 
to-head in stage III patients. Nevertheless, this has not prevented their incorporation in 
new clinical trials. Efforts are underway to reduce the acute toxicity of the concurrent 
approach through the use of 3D conformal RT, radiation protectors (i.e., Amifostine), 
pulsed low dose ChT scheduling, and exploration of lower toxicity adjuvants (i.e., 
angiogenesis inhibitors, hypoxic cytotoxics, biologic modulators, and so on). 

To date, the outcome benefit provided by concurrent chemoradiation has, in general, 
accrued only to patients with good functional status. Patients that are less fit and have had 
pretreatment weight loss > 5% do not tolerate aggressive therapy as well as their good 
performance counterparts. A secondary analysis done on an RTOG trial of chemoradiation 
completed in the early 1990s showed that good performance patients over 70 yr did not 
enjoy the same survival benefit, when adjusted for time spent with severe toxicity, from 
the addition of concurrent ChT as did patients under age 70 (80,8/). A similar analysis 
done on RTOG study 94-10 showed that fit elderly patients did benefit from chemo- 
radiation although they had more pronounced, but acceptable, acute toxicity (81a). It is 
likely that there are other factors, such as comorbidities, that influence outcome indepen- 
dent of performance status. This will be the focus of additional analysis. In addition, 
concurrent ChT does not seem to provide protection from CNS relapse, which remains 
a substantial risk for patients with nonsquamous NSCLC that otherwise enjoy good 
disease response to treatment and long-term survival (82). This observation has lead to 
renewed interest in exploring prophylactic cranial irradiation in stage II NSCLC patients 
who have a good response to combined modality therapy and have prognostic factors 
predicting for a good chance of long-term survival. 

In the meantime, there is continued interest in exploiting the use of induction ChT 
along with concurrent chemoradiation to maximize the opportunity to control occult 
micrometastases. There are potential downsides to this approach, as the induction ChT 
could reduce patient tolerance for the subsequent concurrent component. The induction 
ChT can also potentially stimulate accelerated tumor cell repopulation so that an addi- 
tional burden of avidly dividing tumor is placed upon the subsequent concurrent 
chemoradiation. 


10.3. Induction ChT Followed by Concurrent Chemoradiation 


As noted above, the potential benefit of using both induction and concurrent ChT is 
to increase the overall exposure of micrometastases to cytotoxic therapy. It may also 
“pre-shrink” the primary disease and allow assessment of chemoresponsiveness, justify- 
ing continued use of the same drugs during radiation. Smaller radiation fields might be 
used following significant tumor regression, reducing the risk of toxicity during the 
concurrent portion. All the same benefits of concurrent chemoradiation noted previously 
should still apply. Possible disadvantages include reduced tolerance of the concurrent 
portion of treatment by “patient deconditioning” and accelerated tumor cell repopulation 
induced by the up-front ChT. 

A number of phase II trials have investigated this approach, including RTOG studies 
88-04 and 92-04, and suggested it was feasible (83,84). CALGB trial 9310 used a cisplatin- 
based induction regimen followed by standard RT and weekly carboplatin (85). There 
was no apparent survival advantage over sequential chemoradiation alone. A larger phase 
II randomized trial, CALGB 9431, evaluated induction ChT with three different doublets 
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(gemcitabine/cisplatin, paclitaxel/cisplatin, and vinolrelbine/cisplatin) followed by stan- 
dard radiation therapy (66 Gy/7 wk) (86). The overall median survival of the three arms 
was 16.7 mo (range 14.1 to 17.7 mo), appearing better than that observed with sequential 
chemoradiation and similar to the Phase HI concurrent chemoradiation results. Obvi- 
ously, this conclusion can only be implied from a phase II result and requires verification 
in a phase III setting. At least two such phase III studies are ongoing. 

An ongoing corporately sponsored multi-institutional phase II randomized trial uses 
paclitaxel, carboplatin, and standard RT and is comparing sequential chemoradiation, 
concurrent chemoradiation, and sequential followed by concurrent chemoradiation. Pre- 
liminary results are expected in the next year or two, but unless changed to a phase III 
design, will not have the statistical power to definitively discern between the three arms. 
CALGB is also conducting a phase II trial (39801) in good performance patients com- 
paring chemoradiation with and without induction ChT (87). The trial is expected to 
complete in mid-2001 and uses standard radiation to 66 Gy in7 wk. The induction portion 
uses paclitaxel at 200 mg/m? every 3 wk and carboplatin at an AUC of 6. Drugs doses are 
reduced to 50 mg/m? and AUC of 2, both for seven weekly doses, during radiation. These 
two studies should help decide whether induction ChT truly augments immediate con- 
current chemoradiation. 


10.4. Concurrent Chemoradiation Followed by Consolidative ChT 


Another approach to increasing patient exposure to ChT and potentially improving the 
control of micrometastases is to give ChT after concurrent chemoradiation. This so-called 
“posterior” or consolidative ChT can still be given in full dose and should not be confused 
with low-dose “maintenance” ChT. 

A recent SWOG phase II trial demonstrated promising MST (22 mo) and 2-yr survival 
(50%) for consolidation docetaxel given after concurrent etoposide/cisplatin and RT 
(88). These data have been compelling enough to generate a SWOG phase III trial that 
will add a bioactive adjuvant or not after concurrent etoposide/cisplatin/radiation and 
consolidation docetaxel. However, it must be noted that there is, as yet, no phase III data 
to validate that the strategy of consolidation ChT after concurrent chemoradiation is 
superior to concurrent chemoradiation alone. It is also intriguing to consider adding other 
noncytotoxic adjuvants after concurrent chemoradiation. 


10.5. Cost Utility of Combined Chemoradiation 


With the rising costs of health care, concerns have been voiced about the cost-effec- 
tiveness of combined modality treatment for stage III NSCLC. The available data, to date, 
show that cost-utility varies with the method of combining ChT and radiation. An analy- 
sis conducted in Canada concluded that neoadjuvant combined modality treatment for 
IIIA disease was cost effective and that cost should not be a barrier to its use (89). 
An RTOG cost-utility analysis (US$/Quality adjusted life year) conducted on completed 
combined chemoradiation lung studies demonstrated that induction ChT and radiation 
was the most cost-effective treatment strategy for good performance stage II inoperable 
patients, a finding similar to the Canadian study (90). However, although the concurrent 
strategy was cost-effective based on overall survival, when adjusted for time spent with 
severe toxicity, the additional cost of concurrent ChT/RT was not offset by the quality 
adjusted survival benefit. 
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11. CONCLUSIONS 


When all the data are taken together, it is apparent that significant progress has been 
made in improving the outcome of treatment for stage III NSCLC, but that there is still 
along way to go before victory can be declared. It is clear that radiation alone and surgery 
alone are inadequate for most stage III disease. Preoperative RT alone is of limited 
benefit. Postoperative radiation is controversial, but there may be a limited role in resected 
N2 patients. For selected stage III cases (N2), there may be a role for surgery after 
chemoradiation, but this conclusion awaits the outcome of a major phase III study. 
For inoperable stage III disease, concurrent ChT now appears to be the new standard of 
care. Large randomized trials of chemoradiation validate at least a twofold increase in 
short-term survival and perhaps a similar increase in long-term survival, although the 
data are less certain on this point. The available data suggest that the ChT be cisplatin- 
based; however, the widespread acceptance of less toxic and logistically more friendly 
newer agents, such as paclitaxel and carboplatin, have led to some “leap-frogging” to 
these new agents even though they have not been directly compared to cisplatin-based 
regimens in phase III trials. Concurrent chemoradiation seems to be superior to sequential 
chemoradiation, but combined sequential followed by concurrent chemoradiation 
remains under investigation as does consolidative ChT after concurrent chemoradiation. 
Current guidelines published by the American Society of Clinical Oncology state that 
chemoradiation is appropriate for selected patients with stage III NSCLC, but they do not 
specify a regimen or a sequence (9/). It is also important to remember that the benefit of 
combined modality treatment has only been demonstrated in stage III patients with good 
functional performance status. Another future challenge will be to determine how to 
design combined treatment strategies that can be safely and effectively given to poor 
performance patients, many of whom are elderly. 

New approaches under investigation to improve results of combined modality treat- 
ment are aimed at reducing the toxicity of treatment and at exploring novel new agents, 
such as angiogenesis inhibitors and other bioactive agents, that are not cytotoxic in the 
traditional sense of ChT. There is considerable room to optimize the means by which the 
multiple available modalities can be combined. Even if the 5-yr survival rate could 
be improved by 100% over the best current combined modality approach, it would only 
go up to 25-30%. A pessimist might say that 32,000 patients will still die each year from 
stage III NSCLC. An optimist would point out that 6900 more patients will live. That’ s 
enough people to populate a small town. 
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1. INTRODUCTION 


Small-cell lung cancer (SCLC) accounts for approx 18-25% of the estimated 169,500 
cases of lung cancer in 2001 (/,2). Most patients present with metastatic disease due to 
the aggressive nature of SCLC. SCLC is staged using a two-stage system identified by 
the Veterans Administration Lung Group (VALG). The VALG classified limited-stage 
disease (LD) as tumor limited to one hemithorax and its regional lymph nodes that can 
be encompassed by one radiation port. LD accounts for approx 40% of all SCLC cases. 
Extensive-stage disease (ED) is tumor spread beyond these boundaries (2). The presence 
of pleural effusions and/or supraclavicular lymphadenopathy have been considered LD 
by some investigators and ED by others. 

Radiation therapy’s main role is in the treatment of LD. Because radiation only offers 
locoregional control, chemotherapy is necessary to destroy the micrometastatic disease 
that invariably is present. Multiple cooperative group trials have been performed to 
establish the role of radiation therapy in SCLC (3-7). 

However, many questions remain to be answered related to combined-modality thera- 
pies for LD-SCLC. These questions include: What is the best chemotherapy regimen? 
When should it be given?, In what dose, volume, and fractionation of radiation should be 
administered? What sequence (i.e., concurrent, sequential, or alternating) and time 
(i.e., cycle 1, 2, 3, or 4) should the radiation be given? 
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2. PATHOLOGY, BIOLOGY, DIAGNOSIS, AND STAGING 


Rapid tumor growth and early dissemination characterize small-cell lung cancer. 
Common presenting symptoms such as cough, hemoptysis, chest pain, and dyspnea are 
caused by large tumor masses. Less common presenting symptoms include dysphagia 
caused by esophageal compression, hoarseness caused by laryngeal nerve paralysis, and 
facial swelling caused by superior vena cava compression (2). Also, paraneoplastic syn- 
dromes such as Cushing’s or Eaton—Lambert syndrome or inappropriate secretion of 
antidiuretic hormone can be present. 

The diagnosis of SCLC is usually made using fiberoptic bronchoscopy. The value of 
fiberoptic bronchoscopy was established in the 1980s (8,9). Ninety-three percent of SCLC 
cases are diagnosed by fiberoptic bronchoscopy while fine needle aspiration or medias- 
tinoscopy diagnose the rest. The majority of time, the diagnosis of SCLC is made 
cytologically. Unfortunately, this limits the amount of tissue available for further studies, 
i.e., molecular markers and so on. 

In the World Health Organization classification proposed in 1981, SCLC was subdi- 
vided into three pathologic subtypes. 


1. Oat cell. 
2. Intermediate (fusiform, polygonal). 
3. Combined (small-cell lung cancer with squamous or adenocarcinoma features) (/0). 


In 1988, because of the imprecision of this classification, the International Association 
for the Study of Lung Cancer (IASLC) revised the classification to include: 


1. Pure small-cell lung cancer. 
2. Mixed small-cell and large-cell carcinoma. 
3. Combined (small-cell lung cancer with squamous or adenocarcinoma features) (11). 


Besides the pure small-cell lung cancer, the mixed small-cell and large-cell carcinoma 
comprises less than 6% of all small-cell lung cancer, and combined SCLC/nonsmall-cell 
lung cancer (NSCLC) comprises less than 3% of all SCLC (11-14). 

Because of early dissemination, staging of patients with small-cell lung cancer is more 
extensive than for patients with NSCLC. It is important to rule out distant metastasis 
because it will change the role of thoracic radiation in the treatment of these patients. 
Staging should include a complete history and physical examination, CAT scans of chest 
and upper abdomen to include the liver and adrenal glands, brain MRI scan, bone scan, 
complete blood count, and a possible bone marrow aspiration and biopsy. 

A short cell cycle and a high cell proliferation fraction cause the rapid tumor growth 
and early metastasis. These factors account, in part, for the high sensitivity of SCLC to 
chemotherapy and radiation therapy. The mean doubling time of SCLC cell lines is 
50 d (15-250 d) (15-17). The response to chemotherapy alone is approx 80% but with 
alow complete response rate of 30-40% (18). The complete response rate to combination 
chemotherapy and radiation therapy is up to 80% (19). 


3. DEVELOPMENT OF RADIATION TREATMENT FOR SCLC 


Thoracic radiation was not established as a standard part of the treatment of limited- 
disease (LD) SCLC until the 1980s. In the early 1960s, surgery was the treatment of 
choice for patients with resectable SCLC. However, this practice was stopped when 
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Table 1 
Studies of Chemotherapy vs Chemotherapy and Chest Radiation in Patients with LD-SCLC 


Study Number of pt Chemotherapy regimen Radiation dose Radiation schedule 
1. SECSG (3) 369 CAV 30 Gy/15 fractions/ Alternating 
wk 1, 2,7 
2. CALGB (4) 399 CEV/CAV 50 Gy/25 fractions/ Concurrent starting 
5 wk on D 1 of cycle 1 
Continuous thru D 4 of cycle 3 
No RT 
3. ECOG (7) 310 CCM/EA 50 Gy/25 fractions/ Sequential 
5 wk D 43 
Continuous 
4. SWOG (5) 93 VMV/VAC 48 Gy/22 fractions/ Sequential 
6.5 wk wk 12 
Split 
5. NCI (23) 96 CCM/V AP 40 Gy/15 fractions/ Concurrent 
3 wk bid D1 
Continuous 
6. NCIC (6) 308 CAV/PE 40 Gy/15 fractions Concurrent 
Alternating per wk D 22 (cycle 2) 


D 106 (cycle 6) 


CAV = cyclophosphamide/doxorubicin/vincristine; CEV = cyclophosphamide/epirubicin/vincristine; CCM = cyclophosphamide/lomustine/methotrexate; 
EA = etoposide/doxorubicin, VMV/VAC = vincristine, methotrexate, VP-16/vincristine, doxorubicin, cyclophosphamide; VAP = vincristine/doxorubicin/ 
procarbazine; PE = cisplatin/etoposide. 
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Table 1A 
Studies of Chemotherapy vs Chemotherapy and Chest Radiation 
in Patients with LD-SCLC 


Median survival time 2-Yr Survival rate 
(mo) % 
Study CT CRT CT CRT 
1. SECSG (3) 10.6 11.9 21% 29% 
2. CALGB (4) 11.2 8% 15% 
11.8 25% 
ET 8% 

3. ECOG (7) 12.4 14.4 13% 19% 
4. SWOG (5) 18.5 25% 35% 
5. NCI (23) 11.6 15 12% 28% 
6. NCIC (6) 15.4 21.2 40% 
34% 


results of a trial performed in the United Kingdom were available. This trial compared 
patients with limited disease treated with thoracic radiation alone versus surgery alone. 
The 10-yr survival for the surgery alone arm was zero, but the 10-yr survival for the 
radiation alone arm was 5% (20). The mean survival was 199 d for the surgery alone arm, 
and the mean survival was 300 d for the radiation alone arm. In 1978, an extensive review 
on the outcome of surgery performed on patients with “resectable” SCLC was done in the 
United States. The review revealed no difference in survival if surgery was included in 
the treatment regimen (2/). 

In the late 1960s, the systemic nature of SCLC was realized and treatment began to 
shift to the use of chemotherapy. In 1969, the Veteran’s Association Lung Cancer Study 
Group demonstrated that cyclophosphamide increased the median survival in patients 
with extensive disease to 6 mo (22). Thus, chemotherapy was the mainstay of treatment 
for SCLC in the 1960s and 1970s. However, a high rate of locoregional recurrence of 
disease and poor survival remained problems. 

In the 1970s and 1980s, multiple cooperative group trials were performed to test the 
role of adding thoracic radiation therapy to chemotherapy (Table 1 and 1A). The SECSG 
(3), CALGB (4), SWOG (5), NCIC (6), ECOG (7), and NCI (23) trials randomized 
patients with LD-SCLC to chemotherapy alone vs chemotherapy with radiation. 
The schedule of radiation and type of chemotherapy used varied between trials, but all 
the trials used prophylactic cranial irradiation (PCI). The combination of radiation therapy 
and chemotherapy decreased the locoregional recurrence rates compared to the use of 
chemotherapy alone in the treatment of LD-SCLC (Table 2). All of the trials except for 
the SWOG trial reported statistically significant improvements in survival. As a result of 
these studies, thoracic radiation therapy became a standard part of the therapy for patients 
with LD-SCLC. 

Meta-analyses performed by Pignon et al. and Warde et al. evaluated the improvement 
of survival and local control with combined chemotherapy and radiation in LD-SCLC 
(24,25). Local regional failure still remained a principal cause of failure in LD-SCLC 
occurring in 25-30% although combined local and/or distant recurrence was greater than 
50%. Combined chemotherapy and radiation therapy improved survival by 5% and 
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Table 2 


Local Recurrence Rates for Chemotherapy Alone 
vs Chemotherapy and Chest Irradiation in Patients with LD-SCLC 


Local recurrence rates 


% 
Study Radiation CT CRT 
1. SECSG (3) 19% 51% 
2. CALGB (4) Concurrent 74% 
No XRT 32% 60% 
3. ECOG (7) NR 
4. SWOG (5) 12% 50% 
5. NCI (23) 33% 70% 
6. NCIC (16) D 22 (cycle 2) 59% 
D 106 (cycle 40) 61% 


XRT = radiation; NR = Not reported. 


decreased local recurrence by 50%. However, these meta-analyses demonstrated that 
local treatment is still suboptimal. 


4. RADIATION THERAPY 


4.1. General Considerations 


A stepwise procedure is used when calculating a dose for an individual patient. First, 
the limits of the initial tumor and mediastinal lymphadenopathy involved are outlined on 
chest films taking into account radiologic, bronchoscopic, and clinical information. Sec- 
ond, the target volume is drawn on simulator films. Third, safety margins of the anterior 
and posterior and lateral or oblique fields are measured (the distance between the target 
volume and the border of the fields). 

Once the volume is estimated, the dose, fraction size, and schedule are decided upon. 
All of these factors—volume, dose, fraction size, and the timing of chemotherapy—are 
considered and important in trying to reduce the local recurrence rate and improve overall 
survival in patients with LD-SCLC. 


4.2. Dose 


The optimal dose of radiation therapy for patients with limited stage disease is 
unknown. Full dose radiation therapy is critical to achieve the therapeutic gain of local 
tumor control. Effective chemotherapy may allow a decrease in the radiation dose needed 
for local control (26). In the presence of chemotherapy, the radiation dose theoretically 
can be reduced 20% to control the tumor. Thus the dose for complete response, approx 70 Gy, 
can be decreased to 55 Gy (26). Local recurrence is still around 40-50% (27). Retrospec- 
tive trials revealed that doses less than 40 Gy were not adequate for local control (28). 

In order to evaluate whether a higher dose is better, a dose-response relationship must 
be established between the total dose of radiation and locoregional control. The dose 
response relationship was established by Choi and Carey (29). Doses of 30-35 Gy yielded 
a local control rate of 20-25%. Doses of 45-50 Gy resulted in a locoregional control rate 
of 60-70%. Beyond 50 Gy the level of local control is unclear. A Canadian group per- 
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formed the only randomized trial in LD-SCLC patients comparing low-dose radiotherapy 
at 25 Gy given in 10 fractions over 2 wk (an equivalent dose of 28 Gy) or moderate dose 
radiation therapy of 37.5 Gy for 15 fractions over 3 wk (an equivalent conventional 
fraction dose of 42 Gy). The higher-dose radiation therapy delayed rather than decreased 
local recurrence (30). Studies need to be performed to evaluate doses beyond 50 Gy. 

Fractionation of radiation therapy effects dose. Conventional fractionation consists of 
five 2 Gy fractions per week, which allows up to 70 Gy to be delivered to a limited 
mediastinal volume. Pignon et al. performed a meta-analysis, and included 13 random- 
ized trials (24). The fractionation dose varied between 2 and 4 Gy. The analysis revealed 
that as the fraction got larger the toxicities increased (24). 

Hyperfractionated radiation decreases the fraction size but is repeated hours later. 
So, the overall days of treatment are decreased. The total dose is maintained similar to 
once-daily (conventional) radiation or a slightly higher dose is given. Theoretically, 
twice-daily radiation therapy decreases the repopulation of tumor cells. Choi established 
the maximum tolerated dose of hyperfractionated radiation therapy given twice-daily as 
45 Gy in 30 fractions over three weeks and the maximum tolerated conventional dose was 
70 Gy in 35 fractions over 7 wk (31). Several phase II studies demonstrated the efficacy 
of hyperfractionated radiation therapy combined with chemotherapy (31—34). 

The only randomized phase III study evaluating hyperfractionated radiation therapy 
was an intergroup trial (35). Patients were randomized to twice-daily radiation 
therapy (45 Gy over 3 wk) or conventional radiation therapy (45 Gy over 5 wk). Radia- 
tion therapy was started d 1, cycle 1 with four cycles of cisplatin and etoposide (CE). 
Local control trended better in the twice-daily arm. After a complete response, the recur- 
rence rate was 75% in the daily radiation vs 42% in the twice-daily radiation. Local 
recurrence only rates were 52% vs 36%, respectively (p = 0.058). Median survival for the 
conventional radiation was 19 mo and for the hyperfractionated radiation was 23 mo. 
Five-year survival was 16% for conventional daily fractions and 26% for hyper- 
fractionated radiation (p = 0.04). However, grade 3 or greater esophageal toxicity was 
higher for the twice-daily radiation (25.7% vs 10.9%, respectively). Thus, today, the 
standard radiation therapy regimen for patients with LD-SCLC should be twice-daily 
radiation therapy given in 1.8—2 Gy fractions for a total dose of 45-50 Gy when combined 
with cisplatin and etoposide chemotherapy. However, is it? The answer is probably not. 
Many patients with LD-SCLC and radiation oncologists do not favor the use of the 
hyperfractionated radiation therapy owing to the time spent (i.e., twice a day) receiving 
the therapy as well as the significant increase in the esophagitis. 


4.3. Volume 


In order to maximize the therapeutic ratio between efficacy and toxicity, a balance 
must exist between radiation dose and the volume of the radiation port. The volume of 
the radiation port affects the amount of radiation that can be given. In regards to toxicity 
of radiation, total radiation dose is inversely related to the volume of the radiation port 
(36). Thus, to keep the toxicity at a minimum, the port size or the dose of radiation must 
be changed. 

The standard for radiation port size without chemotherapy for limited-stage SCLC is 
a relatively large port, which includes the original tumor volume with a 1.5—2 cm free 
margin (37,38). Included with the tumor are the involved lymph nodes as well as the 
neighboring uninvolved lymph nodes. A retrospective review of the SECSG trial re- 
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vealed that, when the contralateral hilar lymph nodes where excluded from the radiation 
port, the failure rate increased from 33 to 69% (p = 0.026) (3). 

Several studies have tried to address the question of encompassing the pre- vs the 
postchemotherapy tumor volume (3,5,39-41). Studies have been limited because of 
small patient numbers. In one such study, the radiation port only encompassed residual 
disease (the postchemotherapy tumor volume). Five of seven failures occurred outside 
of the port. This trial was the exception (3). The Mayo Clinic performed a retrospective 
analysis comparing radiation ports encompassing the prechemotherapy or the postche- 
motherapy tumor volume. No marginal failures occurred. Locoregional failures occurred 
in 10 of 31 patients treated with a prechemotherapy port vs 9 of 28 patients treated with 
a postchemotherapy radiation port (39). Locoregional recurrences occurred within the 
radiation port. SWOG performed a randomized study evaluating this same question (5). 
Patients were randomized per their tumor response to induction chemotherapy. Those 
patients who achieved a complete response after chemotherapy were randomized to 
either a wide volume port followed by chemotherapy or chemotherapy alone. A wide 
volume port was defined as the prechemotherapy tumor volume plus mediastinal aden- 
opathy and a surrounding margin. The radiation dose was 30 Gy given in 10 fractions over 
2 wk. The patients were then given a 2-wk break and then given radiation therapy encom- 
passing the postchemotherapy tumor volume plus a 2 cm margin. The radiation dose was 
30 Gy given in 12 fractions over 2.5 wk. Local recurrence rate of the patients treated with 
the wide volume was 50% vs chemotherapy alone of 72% (p =0.01). The median survival 
of the group of complete responders was 18.5 mo. Of the patients who achieved stable 
disease or a partial response to chemotherapy, they were randomized to either wide 
volume radiation therapy or a reduced field radiation, both of which were followed by 
more chemotherapy. The reduced field radiation port was defined as encompassing only 
the postchemotherapy tumor volume with 2 cm margins. The same radiation dose and 
fractionation scheme was used as above. Local recurrence rate of the group given wide 
field radiation therapy was 32% vs 28% for the reduced field radiation (not statistically 
different). The median survival of patients in this group who achieved a complete 
response after all therapy was completed was 18 mo. Patients who originally progressed 
on induction chemotherapy were taken off study. Another study reported that 86% of 
local regional recurrences occurred within the postchemotherapy volume (40). A differ- 
ent study reported that radiation port margins around the tumor volume made no differ- 
ence in locoregional recurrence (4/). This study compared a 1-1.5 cm margin vs a less 
than 1 cm margin. The locoregional recurrence was 33 vs 36%, respectively (p = 0.86). 
In conclusion, there is no difference in locoregional recurrence when the volume of the 
port size is varied between pre- vs postchemotherapy tumor volume or margin size. Thus, 
larger volumes do not necessarily mean better control. If combined chemotherapy and 
radiation therapy is used, only postchemotherapy tumor volumes need to be included 
within the radiation port. However, prophylactic radiation of regional lymph nodes is still 
a subject to be evaluated. 


4.4. Combining Chemotherapy with Radiation Therapy 


Several theoretical advantages exist for combining chemotherapy and radiation therapy 
for the treatment of limited stage SCLC: 


1. Radiation can control the bulky disease earlier with chemotherapy eradicating the 
micrometastatic disease outside of the radiation field. 
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2. Radiation can improve survival because local progression itself can cause death, and 
improved local control may decrease further dissemination. 

3. The combination can overcome the early emergence of chemoresistant cells since che- 
motherapy and radiation have independent mechanisms of action (42). 


The theory is that the earlier the combination is administered the better the chance for the 
resistance to be overcome. Unfortunately, cross-resistance can occur (9,43,44). Several 
randomized studies have demonstrated that the combination of chemotherapy and radia- 
tion therapy improves overall survival compared to chemotherapy alone (Table 1 and 1A). 


4.5. Timing and Sequence of Chemotherapy and Radiation 


The optimal timing and sequence of combining chemotherapy and radiation therapy 
is unknown for the treatment of limited-stage small-cell lung cancer. Radiation can be 
combined with chemotherapy sequentially, alternating, or concurrently. When com- 
bined concurrently, radiation can be started early in the treatment or later during the 
treatment schedule. 

Sequential combinations complete chemotherapy first and then follow it with radia- 
tion therapy. The advantages of this schedule are decreased toxicity and increased ability 
to deliver full doses of chemotherapy. The disadvantage is that there is an increased 
chance of developing therapy-resistant tumors (36). 

Three randomized phase II studies have been performed evaluating sequential chemo- 
therapy followed by radiation therapy vs chemotherapy alone in patients with 
LD-SCLC (Table 3). The chemotherapy used in these studies was noncisplatin-based. 
One study performed by Carlson et al. randomized patients who responded to chemo- 
therapy to chemotherapy only or radiation therapy (45). The radiation therapy dose was 
55 Gy given in 1.8—2.0 Gy fractions over 5-7 wk. No difference in overall survival was 
detected. Intrathoracic recurrence rates were 58% for the chemotherapy alone group and 
29% for the patients who received chemotherapy followed by radiation (p = 0.042). 
A French group randomized 53 patients who achieved a complete response after chemo- 
therapy to radiation of 46.5 Gy or no radiation therapy until disease relapse (46). The 
local-regional recurrence rate was 33% for the sequential radiation therapy and 58% for 
chemotherapy but not statistically different (p = 0.66). The median survival was 10.5 mo 
for the radiation therapy group and 16.5 mo for the group who received radiation therapy 
at the time of relapse. The SWOG cooperative group randomized 93 patients who achieved 
complete responses postinduction chemotherapy to split course radiation therapy or 
chemotherapy alone (5). The radiation dose was 48 Gy in 22 fractions. The radiation 
therapy did improve local control compared to chemotherapy alone (Local recurrence 
rate was 50% vs 72%, respectively). The Japanese Clinical Oncology group published a 
trial comparing concurrent and sequential chemotherapy and radiation, to be discussed 
subsequently (47). The results favored the use of concurrent chemoradiation therapy 
compared to sequential therapy. This study was the only one in this group to use cisplatin- 
based chemotherapy. 

Alternating schedule is defined as chemotherapy given conventionally with radiation 
given in between the chemotherapy cycles. An advantage of an alternating sequence is 
decreased toxicities, an increased ability to deliver full dose chemotherapy and radiation 
therapy, and a decreased probability of developing cross-therapy resistance. The disad- 
vantages include splitting up the course of radiation therapy and loss of the possible 
advantages of concomitant chemoradiation sensitization of tumor cells (36). 


Table 3 


Studies of Chemotherapy vs Sequential Chemotherapy Followed by Radiation Therapy in Patients with LD-SCLC 


2-Yr Survival rate 


Number 
& Study of pt. Chemo 
> Carlson (44) 48 CLVP/EAM 55 Gy/30 Fx/7 wk 


Le Beam (45) 53 CCAE 
SWOG (5) 93 VMV/VAC 


46.5 Gy/Equivalent 
48 Gy/22 Fx/6.5 wk Split 


Median survival time 


(mo) 
Schedule CT CRT 
Sequential after 6-9 mo 18.9 20.3 
Sequential after 8 cycles 16.5 10.5 
Sequential wk 12 18.5 


CT 


42% 
38% 
25% 


% 
CRT 


42% 
26% 
35% 


CLVP = cyclophosphamide/lomustine/vincristine/procarbazine; EAM = etoposide/doxorubicin/methotrexate; CCAE = cyclophosphamide/lomustine/ 
doxorubicin/etoposide; VMV/VAC = VMV/VAC = vincristine, methotrexate, VP-16/vincristine, doxorubicin, cyclophosphamide; NR = not reported. 
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Two studies have evaluated this schema of treatment for LD-SCLC. Both trials used 
nonplatinum-based chemotherapy regimens. The SECSG trial randomized patients to 
chemotherapy alone or chemotherapy alternating with radiation therapy (3). The chemo- 
therapy regimen used was cyclophosphamide, doxorubicin, and vincristine. The addition 
of radiation therapy improved local control and 2-yr survival (64% vs 48% and 24% vs 
16%, respectively) (3). A French trial randomized patients between alternating and 
concurrent schedules (48). In the concurrent arm, patients received 50 Gy of radiation 
in 20 fractions after the second cycle of chemotherapy (cyclophosphamide, doxorubicin, 
and etoposide-vindesine replaced doxorubicin during the second and third cycles). In the 
alternating schedule, patients received the same chemotherapy alternating with the radia- 
tion therapy given in three courses (d 36—47: 20 Gy in eight fractions; d 64—75: 20 Gy in 
eight fractions; d 92-101: 15 Gy in six fractions) (48). The median survival for the 
concurrent arm was 13.5 mo and for the alternating arm was 14 mo. The 3-yr survival for 
the concurrent arm was 6% vs 11% for the alternating schedule arm. The differences were 
not statistically different (48). 

Concurrent schedule of chemotherapy and radiation therapy is defined as the delivery 
of radiation and chemotherapy simultaneously either early or late in the treatment sched- 
ule. The advantage of this schedule is that by giving the radiation and chemotherapy 
together early in the treatment course one can possibly prevent the development of 
resistant tumor cells. However, the disadvantages include increased toxicities and the 
decreased ability to deliver full dose chemotherapy (36). 

A Japanese trial compared sequential delivery of chemotherapy and radiation therapy 
to concurrent delivery of chemotherapy and radiation (47). Patients were randomized to 
receive concurrent hyperfractionated radiation therapy (d 2 of cycle 1 of chemotherapy) 
or to sequential chemotherapy followed after the fourth cycle by hyperfractionated radia- 
tion therapy. The radiation dose was 45 Gy given in 1.5 Gy fractions twice daily for a total 
of 30 fractions in 3 wk. The chemotherapy given was cisplatin and etoposide. The median 
survival for the concurrent schedule was 29 mo and for the sequential schedule was 19 mo. 
The 2-yr survival was 50% for the concurrent therapy and 40% for the sequential therapy 
(47). These results favored concurrent therapy and are the best results to date for patients 
with LD-SCLC. 

Other studies evaluated the question of whether early delivery of radiation concur- 
rently with chemotherapy was better than late delivery. A study performed by the CALGB 
randomized patients to early (d 1, cycle 1), late (d 64, cycle 4), or no radiation therapy. 
The radiation therapy dose was 50 Gy over 6 wk. Chemotherapy used in this trial was 
cyclophosphamide, etoposide, and vincristine. The local recurrence rate for the early, 
late, and no radiation therapy arms was 49%, 68%, and 82%, respectively. The 2-yr 
progression-free survival rate was 15% for the early schedule arm vs 25% for the late 
schedule (p = 0.078). The 5-yr survival rate for the early, late, and no radiation therapy 
arms was 6.6%, 12%, and 3%, respectively (p = 0.007). The poor 5-yr survival rate for 
the early schedule was felt to be due to the significant decrease in chemotherapy dose 
needed for the early schedule group (4,49). 

The NCIC randomized patients to radiation therapy started either early or late with 
concurrent chemotherapy (cyclophosphamide, doxorubicin, and vincristine alternat- 
ing with cisplatin and etoposide) (6). The radiation therapy dose was 40 Gy given in 
15 fractions over three weeks with the cisplatin and etoposide portion of the chemo- 
therapy. In the early arm the radiation was started on d 21 of cycle 2 (after the first cycle 


Combined Treatment of SCLC 207 





of cisplatin/etoposide). In the late arm, the radiation was started on d 106 (cycle 6) with 
the third cycle of cisplatin and etoposide. The local recurrence rate was 55% in both arms. 
The 5-yr survival in the early delivery arm and the late delivery arm was 20% and 11%, 
respectively (p = 0.006). The medial survival for the early delivery arm was 21.2 mo 
compared to 16 mo for the late delivery arm (p = 0.008). The early delivery arm also had 
a decreased incidence of brain metastasis (18% vs 28%-p = 0.042) which could explain 
the improved 5-yr survival (6). 

A Danish trial randomized 199 patients to either early radiation therapy or late radia- 
tion therapy given concurrently with chemotherapy (50). The early arm delivered 20 or 
22.5 Gy in eleven fractions followed by a cycle of cisplatin and etoposide followed by 
the same schedule of radiation and followed again by chemotherapy. The delayed radia- 
tion arm gave the chemotherapy first then started the radiation therapy in wk 18 and again 
in wk 23. The same chemotherapy and radiation doses were given. The 5-yr survival and 
local recurrence rate were not statistically different. The 5-yr survival for the early arm 
was 10.8% vs 12% for the delayed radiation therapy arm. The local recurrence rate for 
the early radiation arm was 76.6% vs 72.8% for the delayed arm (50). 

The EORTC randomized patients to either start radiation therapy during wk 6 (early) 
or after the chemotherapy during wk 14 (late). The chemotherapy regimen used was 
cyclophosphamide, doxorubicin, and etoposide. The dose of radiation given in the early 
arm was 50 Gy in 20 fractions in 89 d. The dose of radiation given in the late arm was 50 Gy 
in 20 fractions in 26 d. No significant differences were noted for local recurrence 
(50.5% early radiation vs 45.5% late radiation) or 3-yr survival (14% for both early and 
late radiation therapy) (5/). 

Another CALGB study randomized patients to early vs late delivery of hyper- 
fractionated radiation given with carboplatin and etoposide chemotherapy (52). In the 
early radiation arm, patients received radiation with chemotherapy during wk 1—4. In the 
late radiation arm, patients received radiation with chemotherapy during wk 6-9. 
The radiation dose for both arms was 54 Gy given in 36 fractions over 4 wk. The radiation 
dose was also hyperfractionated with 1.5 Gy given twice daily for 5 d/wk. The locoregional 
recurrence rate for the early and late radiation was 42% and 65%, respectively. The 
median survival for the early radiation group was 34 mo compared to 26 mo in the late 
radiation group (p = 0.052). The 5-yr survival for the early radiation group was 30% vs 
15% for the late radiation group (p = 0.027). The results favored the early delivery of 
radiation therapy concurrently with platinum-based chemotherapy (52). 

Current data support the use of concurrent over sequential or alternating chemotherapy 
and radiation therapy. The optimal delivery of concurrent chemoradiation is still under 
study. Early delivery of radiation therapy may decrease dissemination by killing the 
chemoresistant tumor cells prior to their distant seeding. Late delivery of radiation therapy 
possibly reduces toxicities and full chemotherapy doses can be delivered. However, even 
with increased toxicity, improved survival rates help establish as standard early delivery 
of concurrent radiation with platinum-based chemotherapy. 


4.6. New Chemotherapeutic Agents 


Further investigation of the benefits of three drugs over two drugs has been performed 
using newer agents. Using the standard regimen of etoposide and cisplatin (EP), inves- 
tigators have added ifosfamide, paclitaxel, or other investigational drugs (Table 4). 
Glisson et al. added ifosfamide to EP while giving concurrent hyperfractionated radia- 


807 


Study 


Glisson 
RTOG (52) 
Ettinger 
RTOG (53) 
Sandler 
ECOG (54) 
Glisson (55) 


Lyss (56) 


Table 4 
Studies Evaluating New Chemotherapeutic Agents for Treatment of Patients with LD-SCLC 


1-Yr Survival rate 


Pts Chemo Radiation RR Median survival (mo) 
54 evaluable TEP Concurrent hyperfractionated 63% (CR) 21.4 — 
17% (PR) 
53 evaluable PEP Concurrent hyperfractionated 718% 24.4 83% 
45 Gy with cycle | and 2 
61 evaluable PEP Concurrent 64% (ORR) 16.8 63% 
Daily Fx 18% (CR) 
18 TP with EP 1.5 Gy Fx x 30 100% (ORR) 17.0 — 
41% (CR) 
59% (PR) 
75 TP induction 70 Gy NR 9.4 — 
(10 pt 60 Gy) E Carbo concurrent 
(65 pt 70 Gy) 


IEP = ifosfamide, etoposide, cisplatin; PEP = cisplatin, etoposide, paclitaxel; EP = etoposide + cisplatin; TP = topotecan+ paclitaxel; E Carbo = etoposide + 


carboplatin. 
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tion therapy (45 Gy) in a RTOG phase II trial (53). In the 54 evaluable patients, the 
complete response rate was 63% (34/54), and the partial response rate was 17% (19/54). 
The median survival was 21.4 mo and the median progression free survival was 11.6 mo. 
However, grade 4 esophagitis was 36%, grade 3—4 nausea and vomiting was 26%, and 
grade 4 neutropenia was 28%. In another RTOG phase II trial, Ettinger et al. added 
paclitaxel to EP while giving concurrent hyperfractionated radiation therapy (45 Gy) 
(54). In the 53 evaluable patients, the complete response rate was 78%. The median 
survival was 24.4 mo. The 1-yr survival rate was 83%. However, grade 3—4 esophagitis 
was 32 and 4%, respectively, and grade 4 neutropenia was 43%. ECOG also added 
paclitaxel to EP, but gave the radiation therapy later with cycles 3 and 4 rather than 
immediately with cycles 1 and 2 (55). In addition, in this trial, the radiation was given in 
daily fractions to 63 Gy. In the 61 evaluable patients, the overall response rate was 64% 
with a complete response rate of 18%. The median survival time was 16.8 mo and the time 
to progression was 8.6 mo. The 1-yr survival rate was 63%. Grade 4 neutropenia was 59% 
and the grade 3—4 esophagitis was 3%. Glisson et al. alternated topotecan and paclitaxel 
with etoposide and cisplatin and thoracic radiation (56). The radiation was delivered at 
1.5 Gy for 30 fractions. The dose of the etoposide was 120 mg/m?/d on d 1-3, and cisplatin 
was dosed at 60 mg/m? on d 1. The topotecan and paclitaxel doses were escalated. The 
topotecan dose was escalated to 1.4 mg/m?/d for 5 d and the paclitaxel dose was escalated 
to 175 mg/m? givenas a3-h infusion ond 1. The dose-limiting toxicities were pneumonia, 
febrile neutropenia, and prolonged thrombocytopenia. The maximally tolerated dose was 
determined to be topotecan 1.2 mg/m? and paclitaxel 160 mg/m. The response rate of 
the 18 patients enrolled to the topotecan and paclitaxel combination was 100% (6% CR, 
94% PR). The response rate to the combination and alternation of the two chemotherapy 
regimens with radiation therapy was 100% (41% CR, 59% PR). More recently, CALGB 
added topotecan and paclitaxel for induction chemotherapy followed by concurrent 
carboplatin and etoposide with daily radiation therapy (70 Gy) (57). The grade 3—4 
neutropenia was noted in 48% of patients. Of the 44 patients who received 70 Gy of 
radiation therapy combined with chemotherapy, 82% had grade 3-5 toxicities. Grade 3— 
4 neutropenia was reported in 70% of those patients. Grade 3—4 thrombocytopenia was 
reported in 32% of the patients. Eleven percent had grade 3—4 dysphagia. One patient had 
grade 5 esophageal toxicity at 64 Gy secondary to hemorrhage and death after dilatation 
of an esophageal stricture. The median survival was 9.4 mo. Currently, SWOG is com- 
bining EP with concurrent radiation therapy (61 Gy) and following this with paclitaxel 
and carboplatin for three cycles. Other agents that are or should be investigated in com- 
bination with radiation therapy in the future include irinotecan, docetaxel, and vinorelbine. 
In addition, molecular targeting agents will be added to these regimens in the near future. 


4.7. Prophylactic Cranial Irradiation 


Prophylactic cranial irradiation (PCI) use for SCLC began in the 1970s. The CNS is 
a sanctuary from most chemotherapy agents, and for patients with SCLC, relapse in the 
CNS is common. At diagnosis, 10% of patients with SCLC have brain metastasis, and 20- 
25% of patients with SCLC are diagnosed later with brain metastasis (2). PCI is thought 
to decrease disease relapse in the CNS. Several studies have randomized patients after 
receiving definitive therapy for their systemic disease and achieving a complete remis- 
sion to PCI vs no PCI. Of three randomized trials, PCI improved overall relapse rate and 
brain only relapse rate (Table 5). A trend toward improved survival was also demon- 


210 Brahmer, Kleinberg, and Ettinger 





Table 5 
Summary of Prophylactic Cranial Irradiation for SCLC Patients 
Occurrence 
of brain metastasis 

Trial PCI dose PCI No PCI 
Arriagada (58) 24 Gy/8 Fx 41% 59% p < 0.0001 
Gregor (61) 36 Gy/18 Fx 29% 52% p = 0.0002 

30 Gy/10 Fx 

24 Gy/12 Fx 

8 Gy/1 Fx 


strated (58—60). A meta-analysis of PCI was performed including seven randomized 
trials (61). A total of 847 patients with LD-SCLC and 140 patients with extensive disease 
SCLC were included in the meta-analysis. These patients were in complete remission and 
then randomized to PCI or observation. A 16% decrease in mortality was observed in 
those patients who received PCI. Also, a 5.4% increase in the three-year survival was 
demonstrated (15.3% controls vs 20.7% PCI). From these data, PCI should be considered 
for patients who achieve a complete remission or near complete remission after initial 
therapy. The optimal dose and fractionation for PCI is unknown. The most commonly 
used dose for PCI is 25 Gy given over 10 fractions. 


5. CONCLUSION 


The best results combining chemotherapy with radiation therapy were seen with con- 
current radiation therapy and cisplatin-based chemotherapy (6,47). At this time, standard 
treatment for patients with limited stage small-cell lung cancer is early concurrent twice 
daily radiation therapy of 1.8 Gy fractions for a total dose of 45 Gy and platinum-based 
chemotherapy. However, the most efficacious regimen is still in question. Several studies 
are still needed to evaluate the appropriate dose, volume, fractionation, and timing of 
radiation therapy. As newer chemotherapy regimens emerge for the treatment of small- 
cell lung cancer, these regimens must be evaluated combining them with radiation therapy. 
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1. INTRODUCTION 


Itis estimated that there will be 13,200 new cases of esophageal cancer in the year 2001 
and an estimated 500 deaths (/). Over the past two decades, tumor registry data obtained 
from the Surveillance, Epidemiology, and End Results (SEER) program has shown a 
decrease in the age-adjusted incidence of squamous cell carcinoma, while there has been 
a steady increase in the incidence of adenocarcinoma. Since the mid-1970s the incidence 
of adenocarcinoma has risen >350%, surpassing that of squamous cell cancers around 
1990. Although the rate among black males has increased, it remains at much lower levels 
(2). While certain risk factors for the development of squamous cell carcinomas have 
been identified (smoking, alcohol, diet), these are less clear for adenocarcinoma of the 
esophagus. Smoking remains a risk factor, but there appears to be less of an association 
with alcohol (3). Barrett’s esophagus has been shown to be a predisposing factor for 
adenocarcinoma of the esophagus. In a population-based study from Sweden, the fre- 
quency, severity, and duration of reflux symptoms were found to be strongly correlated 
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with the risk of developing adenocarcinoma (odds ratio, 43.5) but not squamous cell 
carcinoma (odds ratio, 1.1) of the esophagus (4). There is increasing clinical, as well as 
molecular, evidence suggesting that dysplasia in Barrett’s esophagus is a precursor to 
esophageal adenocarcinoma. DNA replication errors and allelic losses of chromosomes 
17p, 18q, and 5q were studied in 36 patients who underwent resection for adenocarci- 
noma of the esophagus. There was an accumulation of genetic alterations from dysplasia 
to adenocarcinoma. Allelic loss of both 17p and 18q was associated with the worst 
prognosis (5). Obesity, which may predispose patients to reflux, is also emerging as a 
potential risk factor. 


2. OVERVIEW OF TREATMENT OPTIONS 


There are currently two approaches being utilized in the management of locally 
advanced esophageal cancer: surgery alone and primary chemoradiation. Although there 
are no randomized trials comparing these two treatment options, the overall 5-yr survival 
with either approach is approx 20%. Current trials have focused on adding neoadjuvant 
chemotherapy with or without radiation to surgical management to improve outcomes. 


3. STAGING 


The introduction of neoadjuvant therapy prior to surgical resection has made pretreat- 
ment clinical staging an important aspect of care. The goal of staging is to determine the 
TNM status of the patient using the current American Joint Commission Staging System 
(Table 1). 

All patients with esophageal cancer should be staged with computed tomography (CT) 
scans of the chest and abdomen. These can be used to identify bulky disease invading 
mediastinal soft tissue (T4). CT scanning can also identify those patients with distant 
disease to lung, liver, or adrenal glands who would then not be considered candidates for 
aggressive therapies but rather should focus primarily on palliative measures of symptom 
relief. Unfortunately, CT scans are unable to differentiate between T1-3 diseases. More- 
over, lymph node metastasis and length of tumor involvement are missed in almost half 
the cases. Endoscopic ultrasound can determine T status with almost 80-90% accuracy 
(6-8). Although itis able to identify lymph nodes, it is difficult to distinguish benign from 
malignant nodes without tissue confirmation. With the addition of transesophageal lymph 
node biopsy to endoscopic ultrasound, regional lymph node status is correctly diagnosed 
in almost 90% of patients (9). Laparoscopic staging for distal esophageal cancers and 
positron emission tomography (PET) are new staging modalities that are currently under 
clinical evaluation. In a recent prospective study of the utility of PET in staging for 
esophageal cancer, it was found to significantly improve the detection of Stage IV disease 
over conventional staging (10). Diagnostic laparoscopy changed the treatment plan in 
17% of patients in a prospective study of the role of laparoscopy in preoperative staging 
of esophageal cancer (11). 


4. SURGERY ALONE 


Although the primary treatment for cancers of the esophagus for many years had been 
surgical resection, the optimal surgery remains controversial. One approach uses 
transhiatal esophagectomy with anastamosis of the stomach to the cervical esophagus, 
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Table 1 
Staging of Esophageal Cancer 


Primary tumor (T) 
Tis: Carcinoma in situ 
T1: Tumor invades lamina propria or submucosa 
T2: Tumor invades muscularis propria 
T3: Tumor invades adventitia 
T4: Tumor invades adjacent structures 
Regional lymph nodes (N) 
NX: Regional lymph nodes cannot be assessed 
NO: No regional lymph node metastasis 
N1: Regional lymph node metastasis 
Distant metastasis (M) 
MX: Distant metastasis cannot be assessed 
MO: No distant metastasis 
M1: Distant metastasis 
Tumors of the lower thoracic esophagus 
Mla: Metastasis in celiac lymph nodes 
MIb: Other distant metastasis 
Tumors of the midthoracic esophagus 
Mla: Not applicable 
M1b: Nonregional lymph nodes and/or other distant metastasis 
Tumors of the upper thoracic esophagus 
Mla: Metastasis in cervical nodes 
MIb: Other distant metastasis 
Stage grouping 
Stage 0—Tis NOMO 
Stage I—T1NOMO 
Stage II—T2NOMO, T3NOMO, TIN1MO, T2N1MO 
Stage I—T3N1M0, T4 any NMO 
Stage IVA—Any T, any N, Mla 
Any T, any N, M1b 











and the other approach advocates abdominal mobilization of the stomach and transtho- 
racic excision of the esophagus with anastomosis of the stomach to the upper esophagus. 
Prospective studies have not been able to document any difference in morbidity or mor- 
tality between these two procedures (72,13). Survival closely correlates with stage. 
Patients with Stage I-II disease have 5-yr survivals of approx 70%, whereas, those with 
Stage II disease have 5-yr survivals closer to 20%. Most patients in the United States 
present with Stage III disease (tumor extending into the adventitia and/or invading 
adjacent structures with regional lymph node involvement). Therefore, despite aggres- 
sive surgical treatment, the overall 5-yr survival remains poor. 


5. RADIATION ALONE: AS PRIMARY THERAPY 


Although radiation alone has been utilized historically in the treatment of medically 
inoperable esophageal cancers and continues to be used today in the palliative setting, the 
standard of care for the nonsurgical management of localized esophageal cancer remains 
concurrent chemoradiation. For those patients who are unable to tolerate surgery or 
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Table 2 
Randomized Trials of Preoperative Radiation Alone 
Investigator Treatment N Resected LF Medn S 5 YS 
Launois (18) Surgery 57 70 NR 8.2 12 
39-45 Gy —> S 67 76 NR 4.5 10 
Gignoux (17) Surgery 114 73 33 12 20 
33 Gy > S 115 82 21 12 14 
Arnott (16) Surgery 86 72 NR 8 17 
20 Gy > S 90 74 NR 8 9 
Wang (20) Surgery 102 67 13 NR 30 
40 Gy > S 104 72 4 NR 35 
Kelsen (24) CT >S 48 58 8 10 20 
55 Gy > S 48 6 19 12 20 
Nygaard (19) Surgery 41 69 NR NR 9 
35 —> S 48 54 NR NR 21 
CT >S 50 58 NR NR 3 
CT > RT> S 47 66 NR NR 17 





chemotherapy due to comorbid medical conditions, radical radiation may be used. 
In retrospective studies of patients treated with radiation alone, the 5-yr survival varies 
from as high as 21% (14) in recent studies, down to 10-15%, in older series (75). This 
variation may be a reflection of improved staging in more recent years. Doses generally 
used for radical radiotherapy alone are 6000—6500 cGy, using multiple fields. In patients 
with known distant disease, treatment regimens vary from 30 Gy in 2 wk for the extremely 
poor performance patients, to 60 Gy in 6 wk for more durable palliation in those with 
excellent performance status but inability to receive concurrent chemotherapy. 


6. SURGICAL APPROACHES 


6.1. Preoperative Radiation Alone 


The rationale for adding radiation (preoperative or postoperative) to surgery is based 
on the patterns of failure of esophageal cancer. Although the majority of patients will die 
of distant disease, over half will suffer local failure as a component of failure. These 
studies are summarized in Table 2. Although there have been several randomized trials 
that have compared surgical intervention alone to surgery preceded by preoperative 
radiation (76-20), only one has shown a survival benefit (79). This study was a four-arm 
trial in which patients were randomized to preoperative chemotherapy (cisplatin/ 
bleomycin x two cycles), preoperative radiation therapy, preoperative combined 
chemoradiation, or surgery alone. Patients who received preoperative radiation (with or 
without chemotherapy) showed an improvement in 3-yr survival (18% vs 5%, p = 0. 009). 
Although 20% of the 48 patients who received preoperative radiation alone (without 
chemotherapy) were alive at 3 yr, the difference when compared to those treated with 
surgery alone was not statistically different (79). 

There have been many valid criticisms of these preoperative radiation studies. These 
criticisms include the varied dose and fractionation schedules. No two trials have used 
the same radiation regimen. None of these trials have allowed an adequate interval 
between completion of radiation and surgery. In general, at least 4—6 wk are required for 
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Table 3 
Randomized Trials of Postoperative Radiotherapy 


Medn Survival — 5-yr Survival 


Author Treatment N Resected (mo) (%) 
Fok (23) Surgery 65 30 15.2 
S — 49-52.5 Gy 65 30 8.74 
Teniere (22) Surgery 119 All 44 
S — 45-55 Gy 102 All 42 
“Significant. 


maximal therapeutic effects of radiation. Many of these studies have gone on to surgery 
1-2 wk after completing radiation. In a meta-analysis of 1147 patients from these ran- 
domized studies, there was an overall reduction in risk of death by 11% and an absolute 
survival benefit of 3% at 2 yr and 4% at 5 yr. These results were not statistically improved 
over surgery alone (2/). These data, therefore, do not support the use of preoperative 
radiation alone. 


6.2. Postoperative Radiation Therapy Alone 


There are two randomized studies of postoperative radiation (Table 3). In a study of 
221 patients with squamous cell carcinoma who were randomized to postoperative radia- 
tion (4500-5500 cGy at 180 cGy/fraction) or surgery alone there was no change in 
survival. There was, however, a decrease in local failure (35% to 10%) in node negative 
patients receiving postoperative radiation (22). 

In a second randomized study of postoperative radiation (4900 cGy: curative resection 
and 5250 cGy: palliative resection, 350 cGy/fraction) vs surgery alone, the median sur- 
vival was shorter for the radiated arm (8.7 mo vs 15.2 mo). The authors attributed the 
shorter survival of the postoperative radiation arm to irradiation-related deaths (23). 
Local recurrence was significantly reduced in the patients who received radiation follow- 
ing palliative resection (20% vs 46%, p =0. 04), but no difference in local recurrence was 
noted in the patients resected for cure. 

In conclusion, postoperative radiation may decrease local recurrence in node negative 
patients, but there is no impact on survival. These data indicate that postoperative radia- 
tion should be used only in a prospective study setting. It is recommended as a standard 
of care only in the setting of a curative resection with positive surgical margins. 


6.3. Preoperative Chemotherapy Alone 


The addition of neoadjuvant chemotherapy to surgical resection is another approach 
in attempting to ameliorate the sometimes disappointing results of surgery alone. Because 
the majority of patients present with locally advanced disease (T3 or T4 and/or lymph 
node involvement), surgery alone will be curative in only a minority of cases. Moreover, 
esophageal cancer is a disease where distant dissemination occurs early, and preoperative 
chemotherapy may help to eradicate micrometastatic disease, which is not visible on 
routine staging evaluation. In vivo testing of chemotherapeutic agents may help identify 
those patients who may benefit from additional postoperative chemotherapy. Studies 
comparing neoadjuvant chemotherapy to surgery alone are summarized in Table 4 (24— 
28). These studies confirm that neoadjuvant chemotherapy is feasible and does not 
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Table 4 
Randomized Trials of Preoperative Chemotherapy vs Surgery Alone 


Number Med Survival 





Series Preop chemo Cell type of pts. (mo) 2-yr Survival 
Roth (28) C,B+Vx2—-S Scc 39 9 25 (3 yr survival) 
>C, V 
S only 9 5 (3 yr survival) 
Schlag (27) CFx3 Scc 75 10 
S only 10 
Kelsen (24) CFx3 Scc & A 440 15 35 
S only 16 37 
Kok (26) CE x 2-4 Scc 161 185° 
S only 11 
MRC (29) CFx2 Scc & A 802 17° 45° 
S only 13 35 


aanak : 
Significant difference. 
C = Cisplatin, B = bleomycin, V = vindesine, F = 5-fluorouracil, S = surgery, Scc = squamous cell 
carcinoma, A = adenocarcinoma. 


increase postoperative mortality or morbidity. In contrast to the negative results of the 
intergroup trial (24), there are now two European studies that suggest that neoadjuvant 
chemotherapy alone may provide a survival advantage (26,29). The Medical Research 
Council (MRC) randomized 802 patients to two cycles of cisplatin, 5-fluorouracil (5-FU) 
followed by surgical resection vs surgery alone. There was an improvement in median 
survival (17.4 vs 13.4 mo), and 2-yr survival (45% vs 35%) for patients on the neoadjuvant 
chemotherapy arm (29). 

There are a number of possible explanations for the largely negative US trials 
(24,27,28). These could include the fact that some of these studies randomized only 
patients with squamous cell carcinomas (27,28). The patterns of spread for squamous cell 
carcinomas of the upper and midesophagus may be different from the now more common 
adenocarcinoma of the distal esophagus. A second possibility is that despite 440 patients, 
the intergroup study was still not large enough to detect a small, yet clinically significant, 
difference in survival. Of note, the MRC had to randomize 802 patients to detect a 
10% difference in 2-yr survival. Yet a third explanation is that in the intergroup study the 
effect of chemotherapy could not be fully evaluated since only 71% of the patients 
received all three cycles of planned neoadjuvant chemotherapy. Moreover, only 80% of 
the chemotherapy group had surgery. Therefore, the role of neoadjuvant chemotherapy 
alone remains controversial. 

Studies have found that the patients who respond to neoadjuvant chemotherapy have 
prolonged survival over nonresponders (median 20 vs 6.2 mo) (28). The pathologic 
complete response rates in studies of neoadjuvant chemotherapy alone have been a dis- 
mal 10%. More recent studies have involved the addition of neoadjuvant radiation to 
chemotherapy to improve on these results. 


6.4 Postoperative Chemotherapy 


There are very few studies evaluating the role of postoperative chemotherapy alone. 
In arandomized study of 205 patients with resected squamous cell cancer of the esopha- 
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Table 5 


Randomized Studies of Preoperative Chemoradiation 


PCR Median 3-yr Survival 





Series Histology Treatment" Number (%) (mo) (%) 
Urba (31) Adeno Surgery 50 17.6 16 
+ squamous Pre-op chemo + 45 Gy 50 28 16.9 30 
Walsh (35) Adeno Surgery 55 11 6 
Pre-op chemo + 40 Gy 58 25 16 32? 
Bosset (36) Squamous Surgery 139 18.6 36 
Pre-op chemo + 37 Gy 142 26 18.6 36 


“Cisplatin/5-FU based chemotherapy. 
Difference statistically significant. 


gus, there was no significant benefit to 5-yr survival with adjuvant chemotherapy 
(cisplatin, 70 mg/m’, and vindesine 3 mg/m?) compared to surgery alone (30). In a 
randomized study of neoadjuvant chemotherapy followed by surgery and then two 
additional cycles of postoperative chemotherapy, only 52% of patients were able to 
receive at least one cycle and only 38% were able to receive both cycles of postoperative 
chemotherapy (24). The data do not support the use of postoperative chemotherapy 
outside of a study setting. 


6.5. Preoperative Chemoradiation 


There are a number of advantages to combining both radiation and chemotherapy in 
the preoperative setting: 


1. Spatial cooperation: Radiation is more effective at controlling the primary bulky disease 
but is unable to affect distant micrometastases. Chemotherapy, on the other hand, can 
deal with micrometastases but is unable to affect the large primary tumor. The combina- 
tion of both local (radiation) and systemic (chemotherapy) approaches then maximizes 
therapeutic impact. 

2. Radiosensitization: Many of the chemotherapeutic agents that are utilized in the treat- 
ment of esophageal cancers are also potent radiosensitizers. 

3. In the neoadjuvant setting, radiation, as well as chemotherapy, can be delivered to more 
well-oxygenated tissue and thereby enhance the ability to kill tumor cells. 


Thus far, five randomized studies have been completed comparing chemoradiation 
followed by surgery to surgery alone. These are summarized in Table 5. 

Investigators at the University of Michigan randomized patients to two treatment 
groups: 


1. Preoperative cisplatin, 20 mg/m? d 1-5 and d 17-21, vinblastine 1 mg/m? d 1—4 and d 17- 
20, 5-FU 300 mg/m?/24 h d 1-21 and concurrent radiation consisting of 150 cGy BID to 
4500 cGy followed by definitive surgery. 

2. Surgery alone. 


With a median follow-up of 8.2 yr, neoadjuvant therapy did not improve survival over 
surgery alone. Median survival was 17.6 vs 16.9 mo. Three-year survival was 16% for 
surgery only vs 30% for preoperative chemoradiation (p = 0.15). Multivariate analysis 
showed a survival benefit to neoadjuvant therapy (p = 0.09). There was also a significant 
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survival advantage for patients who achieved a complete pathologic response. Patients 
with complete pathologic response had a median survival of 49.7 mo vs 12 mo for patients 
with residual disease in the resected specimen. The 3-yr survival was also improved 
(64% vs 19%) (31). 

Although this study found that the 3-yr survival was 16% for surgery compared to 30% 
for preoperative chemoradiation, the trial had only a 50% power to determine that this 
was Statistically significant. The statistical design of this study was based on the pilot 
study conducted at the University of Michigan which showed that median survival was 
doubled to 29 mo vs 12 mo for historical controls treated with surgery alone (32,33). 
Therefore, the statistical design, which was powered to detect this large difference with 
at least 80% power, required only 100 patients. It is possible that if this study had been 
powered to detect a more modest difference, i.e., 10%, it may have been a positive trial 
requiring almost 450 patients (34). 

In a trial from Dublin, there was a significant survival benefit to the addition of 
neoadjuvant chemoradiation over surgical controls. In this study, 113 patients were 
randomized to: 


1. Two cycles of neoadjuvant 5-FU 15 mg/kg/24 h d 1, 5, cisplatin 75 mg/m? d 7 and 
concurrent radiation 267 cGy/fraction to 4000 cGy followed by surgical resection. 
2. Surgery alone. 


The neoadjuvant therapy was well tolerated with only a 15% incidence of grade 3 
toxicity. Operative mortality was comparable between the two groups (9% vs 4%). With 
a median follow up of 18 mo, there was a significant improvement in median survival (16 
vs 11 mo, p = 0.01) and 3-yr survival (32 vs 6%, p = 0.01) (35). 

There are, however, a number of criticisms to this study. The surgical control arm had 
a 3-yr survival of only 6%, which was significantly worse than the surgery alone arm of 
INT0113 (3-yr survival, 23%) or MRC (2-yr survival 35%). Although there were few 
early-stage tumors in the surgical arm, the precise number of early-stage patients in the 
neoadjuvant chemoradiation arm is unknown since preoperative staging was based solely 
on clinical exam, chest radiography, abdominal ultrasound, and upper endoscopy. 
CT scans were performed only on patients with equivocal findings on CXR or ultra- 
sound. This may have resulted in an imbalance of early-stage patients in the neoadjuvant 
chemoradiation arm. Finally, the radiation dose and techniques used in this study were 
significantly different from those commonly applied today. Conventional radiation doses 
of 1.8—2.0 Gy per fraction to total doses of 45-5040 cGy are commonly used in the United 
States. Using 267 cGy per fraction adds to normal tissue toxicity and decreases tumor 
effects. Initially all patients were treated with AP-PA fields which later was modified to 
a three-field technique. The use of multiple fields, computerized treatment planning, and 
customized blocks may have allowed higher doses to be delivered to the tumor while 
sparing surrounding normal tissue. 

The third randomized study of neoadjuvant chemoradiation vs surgery alone was per- 
formed by the EORTC. Two hundred eighty-two patients were randomized to two groups: 


1. Preoperative chemotherapy consisting of cisplatin 80 mg/m? given 0-2 d prior to radia- 
tion that consisted of 370 cGy x 5 followed by a 2-wk rest and another 370 cGy x 5. 
2. Surgery alone. 


With a median follow-up of 55 mo, the neoadjuvant chemoradiation resulted in a 
significantly higher 3-yr disease free survival (40% vs 28%). There was also improved 
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local disease free survival (relative risk 0.6). However, there was no improvement in 
median survival or overall 3-yr survival (36% vs 36%) when compared to surgery alone. 
Although the 3-yr survival for the combined modality arm (36%) was better in this study 
over those of other large randomized studies (approx 25%), this was likely the result of 
including Stage I/II disease (36). 

This study, which included split-course radiation, as well as high dose per fraction, had 
several drawbacks. Radiobiological principles would predict increased normal tissue 
toxicity and less tumor control. Therefore, it is not surprising that there was no benefit 
in terms of survival and, in fact, itis not clear why there was an improvement in disease- 
free survival using such a regimen. The systemic therapy using such a small dose of 
cisplatin would also be considered inadequate for systemic control. 

Despite suggestions of a survival advantage in at least two of the five randomized 
studies, the drawbacks in study design, small sample size, and short follow-up make the 
results far from clear. A well-designed Intergroup study (CALGB 9781), which had 
attempted to compare surgery alone to surgery preceded by more conventional doses of 
radiation and chemotherapy, was recently closed due to poor accrual. This is unfortunate 
as it is unlikely that a similar study of this magnitude will be mounted in the near future. 

The data thus far suggest that triple modality therapy should still be considered inves- 
tigational. In single-institution studies of concurrent chemoradiation, the pathologic 
complete remission (CR) rates are higher than preoperative chemotherapy alone. Several 
studies have suggested that patients who have pathologic complete responses have a 
better outcome over patients who do not (33,37). Therefore, methods that improve patho- 
logic complete response rates continue to be an area of active investigation. 


6.6. Postoperative Chemoradiation: Gastroesophageal Adenocarcinoma 


Although there are efforts at this time to stratify squamous vs adenocarcinoma, studies 
to date have not separated these two histologies and, therefore, treatment recommenda- 
tions have been similar, regardless of histology. The only exception to this generalization 
is adenocarcinomas of the gastroesophageal junction. 

Cancer of the cardia is now topographically classified into three types: 


1. Type Itumor: Adenocarcinoma of the distal esophagus, which usually arises from an area 
with specialized intestinal metaplasia of the esophagus (i.e., Barrett’s esophagus) and 
which may infiltrate the esophagogastric junction from above. 

2. Type II tumor: True carcinoma of the cardia arising from the cardiac epithelium or short 
segments with intestinal metaplasia at the esophagogastric junction. 

3. Type II tumor: Subcardial gastric carcinoma, which infiltrates the esophagogastric junc- 
tion and distal esophagus from below. 


The assignment of a lesion into one of these types is purely morphological and based 
on the anatomical location of the tumor or the best estimate of its epicenter for those with 
advanced disease. Classification can be performed easily based on a combination of 
contrast radiography, upper endoscopy, and CT (38). In a retrospective analysis of 
74 patients with gastric cancer, the preoperative classification had a high correlation 
(95%) to the final classification based on the resected specimen (39). 

Although only reported in abstract form, INT0116, a randomized study of postop- 
erative modality therapy (5-FU, leucovorin, and RT) vs surgery alone in resected 
adenocarcinoma of the stomach and gastroesophageal junction, has found a statisti- 


224 Forastiere and Chak 





cally significant increase in 3-yr survival (52% vs 41%, p = 0.03) (40). In esophageal 
cancer, there are no studies that show an advantage to postoperative therapy. This is the 
first study to show an advantage to adjuvant therapy in this setting. Although 20% of 
patients had tumors of gastric cardia or gastroesophageal junction adenocarcinoma, 
this is primarily a study of gastric adenocarcinoma. The pattern of failure of gastric 
cancer is different from proximal lesions of the cardia, gastroesophageal junction, and 
distal esophagus. The predominant site of first failure (80%) is local-regional for the 
former in contrast to distant metastases as the site of first failure for the latter. There- 
fore, although the results of INTO116 may be used to justify postoperative chemo- 
radiation for node positive, completely resected cardia and gastroesophageal junction 
adenocarcinoma, benefit may be marginal for this subsite and toxicity may be signifi- 
cant. Postoperative therapy can be offered to those patients who have recovered well 
from surgery, have an excellent performance status and are at high risk for recurrence. 


7. NONSURGICAL APPROACHES 
7.1. Radiation Alone vs Chemoradiotherapy 


Although, historically, esophageal cancer was treated with surgery, surgical mortality 
was high at approx 25% in series reported from the 1960s through the 1970s. Therefore, 
many patients were treated with nonsurgical modalities such as radiation alone for pal- 
liation of symptoms. The early studies of chemoradiation in esophageal cancer were 
based on the successful treatment of anal carcinoma with low doses of radiation and 
concurrent chemotherapy (4/). These early studies of patients with squamous 
cell carcinoma of the esophagus showed that a few patients did have complete responses. 
Therapy similar to that used for anal cancer consisted of mitomycin C (10 mg/m? d 1) 
and continuous infusion 5-FU (1000 mg/m?/24 h 1—4, 29-32) and radiation 3000 cGy. 
These studies first suggested that concurrent chemoradiation may possibly take the place 
of surgical resection (42). 

In the 1980s numerous phase II pilot studies combining chemotherapy with radiation 
were conducted primarily using 5-FU and cisplatin chemotherapy. In general, the median 
survival (12—20 mo) and 2-yr survival (35-40%) were improved over historical controls. 
Despite these encouraging results, randomized studies were needed to determine whether 
chemoradiation was superior to radiation alone. 

Table 6 shows the results of five randomized studies of chemoradiation vs radiation 
alone. It is important to note that these studies consisted primarily of squamous cell 
carcinoma of the midesophagus. No studies have adequately evaluated this approach in 
adenocarcinoma of the esophagus. Thus, nonsurgical treatment approaches for adenocar- 
cinoma are extrapolated from data based on trials of squamous cell carcinoma. 

A landmark trial was an intergroup study (RTOG 85-01) in which patients with 
locally advanced esophageal cancer were randomized to chemotherapy and radiation 
or radiation alone. Chemotherapy consisted of 5-FU (1000 mg/m?/24 h x 4 d) and 
cisplatin (75 mg/m?, d 1). Radiation therapy (5000 cGy/25 fractions) was initiated 
concurrently with d 1 of chemotherapy. Chemotherapy was given q 4 wk during radia- 
tion (cycles 1, 2) and q 3 wk following radiation (cycles 3, 4). The radiation alone arm 
consisted of 6400 cGy/32 fractions. Only 50% of patients were able to complete all four 
cycles of chemotherapy. 
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Table 6 


Randomized Trials of Primary Chemoradiation vs Radiation Alone 


Local failure Median survival Survival 


Trial Number (%) (mo) (%) 
Herskovic (45) RT 62 68 9 0 (5 yr) 
(RTOG) RT + CDDP/5-FU 61 47 14° 27° 
Smith (46) RT 69 9 7 (5 yr) 
(ECOG) RT + 5-FU/mitro 59 15° 9 
Roussel (72)? RT 111 66 8 10 (4 yr) 
(EORTC) RT + CDDP 110 59 10 8 
Slabber (73 RT 36 5 
(Pretoria) RT + CDDP/5-FU 34 6 


“Resectability not specified. 
Unresectable. 
“Difference statistically significant. 


Patients receiving concurrent chemoradiotherapy had a significant improvement in 
median survival (14 vs 9 mo) and 5-yr survival (26% vs 0%, p < 0.0001) (43). Even with 
further follow-up, the 8-yr survival remained 22% (44). The incidence of local failure 
(defined as persistent disease, as well as the first site of failure) was significantly de- 
creased in the combined modality arm (45% vs 68%, p = 0.0123). Although randomiza- 
tion was discontinued early due to the positive results, an additional 69 patients treated 
with the same chemoradiation regimen had similar results (3-yr survival = 30%) (43-45). 
A second randomized study of chemoradiotherapy to radiation alone found a significant 
improvement in median survival (14.8 vs 9.2 mo, p = 0.04), but no difference in 5-yr 
survival (9% vs 7%). The chemotherapy consisted of 5-FU, mitomycin-C, and radiation. 
This was not, however, purely a comparison of concurrent chemoradiation to radiation 
alone, as almost 50% of patients in each arm went on to surgery. The operative mortality 
was 17% (46). 

Although chemoradiation has significantly improved survival and local control com- 
pared to radiation alone, this came at a cost of an increase in acute grade 3 toxicity (44% 
vs 25%), acute grade 4 toxicity (20 vs 3%), and one grade 5 treatment-related death (2%). 
There were no differences in late toxicities (29% vs 23%) (43,44). 

Based on these studies, the standard of care for the nonsurgical management of esoph- 
ageal cancer is concurrent chemoradiation. Radiation alone is reserved for those patients 
whose performance status or organ dysfunction precludes the use of chemotherapy. 
Despite a survival benefit, there was an unacceptably high local failure rate (45%) in 
RTOG 85-01. Therefore, new approaches continue to be developed. These include inten- 
sification of treatment by increasing the quality or quantity of chemotherapy and higher 
doses of radiation. 


7.2. Intensified Neoadjuvant Chemotherapy 

Followed by Intensified Chemoradiotherapy 
A phase II Intergroup study (INT0122, ECOG PE289, RTOG 9012) increased the 
intensity of both chemotherapy and radiation. The neoadjuvant chemotherapy consisted 
of three courses of cisplatin and 5-FU followed by concurrent chemoradiation consisting 
of two additional courses of cisplatin and 5-FU and radiation, 6480 cGy/36 fractions. 
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For the 38 eligible patients, there was a47% complete response, 8% partial response, and 
3% stable disease. The site of first failure was local/regional in 39% and distant in 24%. 
Median survival was 20 mo, 3-yr survival 30% and actuarial 5-yr survival 20%. There 
were six deaths of which four (9%) were treatment-related. The authors concluded that 
this intensive neoadjuvant chemotherapy followed by chemoradiotherapy was not sig- 
nificantly better over conventional chemoradiation (47). The higher doses of radiation, 
however, were felt to be well tolerated, and therefore formed the basis of the Phase III 
intergroup study (INT 0123/RTOG 94-05) comparing concurrent chemoradiation using 
standard doses of radiation (5040 cGy) to intensified radiation (6480 cGy) and concurrent 
chemotherapy. 


7.3. Intensified Radiation (External Beam) 
as a Component of Chemoradiation 


The second approach: Intensifying radiation was tested in a phase II intergroup study 
(INT 0123/RTOG 94-05). This compared a modification of the best arm of RTOG 85- 
01 (standard therapy) to the same chemotherapy with a higher total dose of radiation. 

Continuous infusion 5-FU was increased from 4 to 5 d; the radiation was changed from 
5000 cGy/25 fractions to 5040 cGy/28 fractions, and the chemotherapy was given every 
4 wk, during and after completion of radiation for a total of four cycles. The experimental 
arm used the same chemotherapy but a higher dose of radiation (6480 cGy/36 fractions). 
Preliminary results for the 216 eligible patients showed no significant difference between 
the high-dose and low-dose arms, in terms of median survival (12.9 vs 17.6 mo), 2-yr 
survival (29% vs 38%) and local/regional failure rates (59% vs 52%). The trial was closed 
early at first interim analysis because of the low probability of the higher-dose radiation 
arm demonstrating survival benefit if accrual continued. Moreover, the experimental arm 
was associated with increased toxicity. There were 11 treatment-related deaths in the 
high-dose arm, of which 8 occurred in patients who had received 5040 cGy (48). 


7.4. Intensified Radiation (Brachytherapy) 
as a Component of Chemoradiation 


A second method of intensifying radiation is the use of brachytherapy. RTOG 9207 was 
a Phase II trial of 49 patients with localized esophageal cancer. Patients were given 15—20 
Gy brachytherapy boost after 5-FU, cisplatin, and 50 Gy external beam. Local failure rates 
were 63% (37% local failure and 26% local persistence); median survival was estimated 
11 mo and estimated 2-yr survival 31%. There was a 10% treatment-related death rate. The 
crude fistula rate was 12% with a cumulative rate of 17.5% a year (49). There was no 
advantage to local control or survival when compared to the standard arm of RTOG 8501. 
The data thus far suggest that increasing the intensity of chemotherapy or radiation (via 
external or brachytherapy) adds toxicity without improving survival. Therefore, the stan- 
dard of care is conventional doses of radiation 4500-5040 cGy and four courses of concur- 
rent 5-FU and cisplatin for the primary nonsurgical treatment of esophageal cancer. 


8. NEWER AGENTS IN COMBINED MODALITY THERAPY 
8.1. The Taxanes 


In an attempt to improve outcomes, newer agents, especially those that act synergis- 
tically with radiation, are being evaluated further. One such agent is paclitaxel, the first 
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taxane to show antineoplastic activity in vitro. Paclitaxel was originally isolated from the 
bark of the western yew tree, Taxus brevifolia (50). Phase I studies defined its toxicity 
profile, which included neutropenia, neuropathy, mucositis, arthralgias, hypersensitivity 
reactions, nausea, and alopecia (51,52). 

Phase II studies of paclitaxel, infused as a single agent over 24 h every 3 wk, showed 
promising results for patients with metastatic or locally unresectable esophageal cancer. 
The overall response rate was 32%, with a median survival of 13.2 mo (53). 

A Phase I study of docetaxel with concurrent radiation tested escalating doses of 
docetaxel given at different schedules to patients with advanced nonsmall-cell lung or 
esophageal cancer. Giving the drug once every 3 wk during standard radiotherapy, the 
maximum tolerated dose is 40 mg/m? per cycle. The dose-limiting toxicities are neu- 
tropenia and esophagitis. However, it is possible to escalate the total docetaxel dose to 
60 mg/m? per cycle by weekly administration of 20 mg/m?. The authors recommended 
phase II dose of docetaxel was 20 mg/m? administered weekly with concurrent chest 
radiotherapy for 6 wk (54). 


8.2. In Vitro Studies of Paclitaxel as a Radiation Sensitizer 


In addition to trying to improve the results of standard chemoradiation by intensifying 
chemotherapy and/or radiation, a second approach has been to combine radiation therapy 
with some of the newer chemotherapeutic agents, which are also known to be potent 
radiation sensitizers. These agents have been used both in primary chemoradiation pro- 
tocols, as well as in the preoperative setting. 

Although the precise mechanism of action of paclitaxel in enhancing radiation effects 
is not clear, one of the proposed mechanisms is its effect on the cell cycle. Its effects on 
the microtubules result in an M-phase arrest (55). Experiments done on synchronously 
dividing Chinese hamster cells have shown that cells in M and G2 are most sensitive to 
the effects of radiation (56). 

In vitro studies have shown that paclitaxel is a potent radiation sensitizer. Survival 
curves using grade 3 human astrocytoma cell lines showed a sensitizer enhancement ratio 
of 1.8 (57). In a series of experiments using a human leukemic cell line (HL-60), a 
sensitizing enhancement ratio of 1.48 was noted (58). Other studies have shown that G2/M 
block is not the only mechanism of paclitaxel-induced radiosensitization (59). 


8.3. Phase I/II Studies of Paclitaxel/RT: Esophageal Cancer 


Table 7 summarizes selected phase I/II studies of paclitaxel/radiation in esophageal 
cancer. Although pathologic complete response rates have been encouraging, ranging 
from 11-41%, these regimens have not been tested in a randomized fashion against the 
more standard cisplatin, 5-FU based therapies. 

Vanderbilt University Medical Center has recently completed accruing patients to a 
Phase II study of neoadjuvant chemoradiation, which consists of preoperative paclitaxel 
(175 mg/m?, 3-h infusion) followed by cisplatin 75 mg/m? d 1 and 21. Concurrent radia- 
tion was given to a total dose of 3000 cGy, in 200 cGy/fraction. Patients who are resec- 
table go on to surgery 4 wk after completion of chemoradiation, whereas those who are 
unresectable (1.e., cervical esophageal cancer) continue to a total dose of 60 Gy without 
treatment interruptions. One month following surgery, patients receive two cycles (q 21- 
28 d) of postoperative chemotherapy, which consists of paclitaxel 175 mg/m? over 3 h 
d 1, 5-FU 350 mg/m”, d 1-3, and leucovorin 300 mg d 1-3. Preliminary analysis of this 
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Table 7 
Taxane-Based Chemoradiation Regimens 
PCR 3-Yr survival 
Author Regimen (%) (%) 
Urba (31) Paclitaxel + cisplatin/45 Gy 19 35 
Adelstein (65) Paclitaxel + cisplatin/45 Gy 23 30 
Wright (74) Paclitaxel + 5-FU/58.5 Gy 39 
Meluch (75) Paclitaxel + carbo + 5-FU/45 Gy 41 
Weiner (76) Paclitaxel + cisplatin + 5-FU/60 Gy 18 
Mauer (54) Docetaxel + cisplatin x 3 45 
Docetaxel/50 Gy 
Enzinger (77) Paclitaxel + cisplatin x 2 11 
(ASCO 99) Paclitaxel/50.4 Gy 


regimen had indicated that the predominant toxicities were myelosuppression (40%) and 
severe nausea/vomiting (25%) (60,61). 

Between 3/95 and 3/98, 47 patients were enrolled. At restaging, prior to surgery, eight 
(17%) were found to have progressed, while seven patients had metastases documented 
at surgery. Complete resection was achieved in 33 (70%) patients. At the time of surgery 
there were 5/33 patients with complete pathologic, pCRs (15%), and 9 (27%) had only 
microscopic residual foci. Only 25 patients were able to complete the two cycles of 
postoperative chemotherapy. Median survival was found to be 15 mo, and at 46 mo 16.5% 
of patients were alive (62). 

Itis interesting to note that the results from our studies at Vanderbilt using lower doses 
of radiation have led to similar survival rates, local control, and less toxicity when com- 
pared to centers using higher doses of radiation. This dose of radiation was based on 
earlier studies that utilized two cycles of cisplatin, 5-FU, etoposide, and leucovorin with 
3000 cGy of radiation followed by resection. The median survival of 24 mo and 2-yr 
survival of 51% was better than historical controls treated with surgery alone (63,64). 

There have been no randomized comparisons of these newer paclitaxel regimens to 
more standard chemotherapy regimens. Some investigators conducting nonrandomized 
comparisons of paclitaxel-based chemotherapy in a similarly staged cohort of cisplatin 
and 5-FU treated patients, report no advantage in overall survival (65). 


9. FUTURE DIRECTIONS 
9.1. UFT 


Fluorinated pyrimidines have played a role as radiation sensitizers in combined mo- 
dality therapy in almost all gastrointestinal malignancies, including esophageal cancer. 
Although continuous infusion 5-FU has been shown to have a survival advantage only 
in the treatment of large bowel cancer (66), theoretically, it has an advantage over bolus 
5-FU, especially when it is being combined with radiation. In vitro and in vivo studies 
suggest that prolonged exposure of 5-FU is advantageous. A combination of uracil and 
tegafur (UFT) (in a molar ratio of 4:1) is an oral agent that can be safely combined with 
oral leucovorin. In early trials in gastrointestinal malignancies it has been found to be safe 
and effective. Vanderbilt University Medical Center is currently enrolling patients in a 
Phase I study of UFT, cisplatin, and concurrent radiation. 
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Data on UFT with RT is limited. However, 5-FU is a known radiosensitizer. Data from 
laboratory and clinical studies show that prolonged exposure seems to be more effective 
than bolus 5-FU (67). Since UFT acts similarly to prolonged infusion of 5-FU when 
chronically administered, the combination of UFT with RT is logical. We are currently 
accruing patients on this study. 


9.2. Irinotecan 


Irinotecan is an active chemotherapeutic agent that has been used in esophageal cancer 
and is also a potent radiosensitizer. In vitro studies have shown activity in esophageal 
cancer cell lines. A Phase I study has demonstrated its safety and tolerability with cisplatin. 
Phase I/II studies are currently underway determining the maximum tolerated weekly 
dose of irinotecan combined with concurrent radiation for locally advanced esophageal 
cancer (MSKCC 99081). 


9.3. Herceptin 


The Brown University Oncology Group has reported results of a phase II study using 
neoadjuvant concurrent cisplatin, paclitaxel, and radiation therapy with encouraging 
response rates. Paclitaxel was given as a weekly 3-h infusion at 60 mg/m? with weekly 
cisplatin 25 mg/m? over 1 h. Radiation therapy consisted of 3960 cGy, 180 cGy/fraction, 
via parallel-opposed AP-PA fields with a 5 cm superior and inferior and a 2 cm circum- 
ferential margin. Toxicity was acceptable with 8/31 (26%) grade 3 neutropenia, 5/31 
(16%) nausea/vomiting, 1/31 (3%) pneumonitis and 3/31 (9%) esophagitis. There was a 
single toxic death, and one patient required parenteral nutrition. There were 8 CR and 
14 PR for an overall response rate of 71%. Pathologic CR rates were not reported (68). 
A further modification of this study includes the addition of herceptin to paclitaxel and 
cisplatin and concurrent radiation in the neoadjuvant setting. In vitro studies have shown 
that treatment with rhuMAb HER-2, recombinant humanized monoclonal antibody to the 
HER-2? receptor, decreases cell proliferation in vitro and reduces tumor formation in nude 
mice. Therapy with rhuMAb HER-2 enhances tumor sensitivity to radiation at doses of 
1-5 Gy. This benefit is specific to cells with HER-2 overexpression (69). 


9.4. Oxaliplatin 


Oxaliplatin is a novel platinum compound that has shown promising activity in 
colorectal cancers. It has been associated with up to 60% response rates when used as 
front-line therapy, and 25-50% response rates in relapsed or refractory colorectal cancer. 
It is currently being evaluated in a Phase I study with 5-FU and radiation in patients with 
locally advanced esophageal cancer (NCI T99-0061). 


10. RADIATION THERAPY TECHNIQUES 


10.1. Volumes, Portals, and Beam Arrangement 


Radiation therapy planning for patients with esophageal cancer is difficult for a num- 
ber of reasons. These include: 


1. The difficulty in clearly defining the target volume. 

2. The proximity of several critical structures in the chest including spinal cord, heart, and lung. 

3. The length of the field usually means that there is a rapidly sloping surface making it 
difficult to have a homogeneous dose distribution. 
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The volume to be treated and the configuration of the radiation portal depend not only 
on the size and location of the primary tumor but also the areas of known lymphatic 
drainage. The lymphatic drainage varies with the location of the primary tumor. Given 
that the target is deep within the chest, megavoltage equipment is required with minimum 
photon energies of 6 MV and preferably, higher (10 MV, 18 MV). 

Patients are treated with multiple field techniques 5 d/wk at 180 cGy/d. The gross 
tumor volume is defined with the help of CT scans, endoscopy reports, and a barium 
swallow. Given the dual longitudinal interconnecting lymphatic system, esophageal 
metastases can have several centimeters of “skip areas” between gross tumor and drain- 
ing nodes. Therefore, it is common practice to design treatment portals with a 2-cm radial 
margin but a 5-cm longitudinal margin. 

Local regional nodes are included in the target volume. This varies with the location 
of the tumor. Regional nodes for tumors arising above the carina include scalene, 
internal jugular, upper cervical, periesophageal, supraclavicular, and cervical nodes. 
Therefore, involvement of nodes above the thoracic inlet would be considered regional 
(Mla) for cervical esophageal tumors but regarded as distant metastasis for tumor of 
the lower thoracic esophagus. Likewise, involvement of the celiac node would be 
considered regional metastases (M1a) for tumors of the lower esophagus, but distant 
disease if the primary was above the carina. For cervical primaries (those above the 
carina), bilateral supraclavicular nodes should be included. Depending on the tumor 
location and patient body habitus, occasionally a three-field technique (two anterior 
obliques, with a posterior field) will be able to include both primary tumor and draining 
lymphatics. More often, one needs to begin with AP-PA fields and switch to obliques 
at approx 3960 cGy to exclude the spinal cord. The supraclavicular field that has to be 
excluded can be supplemented with electrons to bring the final dose to tumor and 
regional nodes to 5040 cGy. Owing to the changing contour of the neck to the thoracic 
inlet, the location of the tumor in relation to the patient’s shoulders, and the need to not 
exceed spinal cord dose, treating tumors of the cervical esophagus is particularly chal- 
lenging. Another technique that has been devised at the University of Florida uses a 
four-field box technique. A wax bolus is used to build the lack of tissue above the 
shoulders (70). Other methods include 140-degree arc rotations, anterior wedged pairs, 
and three-field approaches using two posterior obliques with a single anterior field. 
Although patients with resectable cancers who are in excellent medical condition can 
be treated with neoadjuvant chemoradiation with the intent of greater local control, 
patients who have early-stage disease should be considered for primary chemoradiation. 
Given the morbidity of surgery to this site, primary chemoradiation may be the pre- 
ferred treatment for this site. 

Midesophageal tumors (at or below the carina) are considerably easier to treat. The 
paraesophageal nodes need to be included but the supraclavicular and celiac nodes do not. 
These are often treated with AP-PA fields to 3960 cGy followed by obliques to 5040 cGy. 
Three-field techniques (posterior obliques, with single anterior fields) can also be uti- 
lized. Similar techniques are used in treating distal esophageal or gastroesophageal junc- 
tion tumors. The fields, however, now must include the celiac nodes. 

The sloping contour of the chest often requires the use of compensating filters or 
wedges to ensure dose homogeneity. If these are not available, consecutive cone downs 
should be utilized to maintain a homogenous dose and stay within normal tissue 
tolerances. 
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In summary, the superior and inferior margins are approx 5 cm above and below the 
primary tumor as defined by clinical and radiological studies. The fields are slightly 
larger for tumors above the carina so as to include the supraclavicular region and lower 
esophageal tumors so as to include the celiac node. 


10.2. Normal Tissue Tolerances 


Every effort needs to be made to keep within the normal tissue tolerances of several 
of the critical structures that may be within the treatment field. All normal tissue toler- 
ances assume treatment at 180 cGy per fraction. The spinal cord should not exceed 
4500 cGy. The entire heart should not receive more than 4500 cGy and =50% of the heart 
should not receive more than 5000 cGy. Normal lung, i.e., more than 2 cm outside the 
target volume, should not receive more than 4500 cGy. There is a strong correlation 
between the incidence of =grade 2 pneumonitis and the total volume of lung (both lungs) 
exceeding 20 Gy (71). Therefore, the total volume of lung receiving more than 2000 cGy 
must be kept below 25%. The dose per fraction to the heart, lungs, spinal cord, and liver 
should be 2 Gy or less whenever possible. For lower esophageal tumors, the liver 
dose should be kept to a minimum. Half the liver should not exceed 3500 cGy. The whole 
liver should not exceed 3000 cGy. 


10.3. Treatment Planning 


Patients are generally treated in the supine position. If conventional simulation is used, 
a barium swallow should be done at the time of simulation to outline the target volume. 
Optimal immobilization such as an alpha cradle to improve daily set up reproducibility 
is used. 

CT-based simulation is preferred whenever possible. Normal tissues (heart, lung, 
spinal cord) can then be contoured such that doses to these organs are kept to a minimum. 
If the tolerance dose is exceeded to any critical structure, alternate beam arrangements 
should be evaluated. 


11. CONCLUSIONS 


Despite improvements in surgery, radiation, and chemotherapy, the 5-yr survival for 
all patients with esophageal cancer is only 10%. Even for patients with locally advanced 
disease, the 5-yr survival is generally 20%. Currently, results from surgery alone or 
primary chemoradiation are equivalent, and both can be offered as options for patients 
with locally advanced esophageal cancer. The optimal treatment may be based on indi- 
vidual patient selection criteria such as the ability to undergo major surgery, histology, 
and the location of the tumor. The fact that local recurrence is high despite primary 
chemoradiation provides a rationale for trimodality therapy that includes surgery follow- 
ing preoperative chemoradiation. 

The results of trials evaluating neoadjuvant chemotherapy followed by surgery are 
conflicting with two of five randomized studies suggesting a survival benefit. However, 
the results of the US studies have been negative and, therefore, neoadjuvant chemo- 
therapy is recommended to be used only in the protocol setting. Pathologic complete 
response rates are improved with the combination of neoadjuvant radiation and chemo- 
therapy, approx 25-30%, and local control is improved but results from randomized trials 
are conflicting. Triple modality therapy, therefore, remains investigational. 
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1. INTRODUCTION 


The management of locally advanced breast cancer requires the integration of surgery, 
chemotherapy, and radiation therapy. This chapter summarizes the existing experience 
and addresses some of the remaining issues in combined modality therapy of locally 
advanced and inflammatory breast cancer. 


2. COMBINED MODALITY 
OF LOCALLY ADVANCED BREAST CANCER 


Historically, locally advanced breast cancer (LABC) was defined as disease deemed 
inoperable on the basis of physical tumor characteristics associated with surgical failure 
to consistently achieve resection with negative margins: edema, skin fixation, ulceration, 
and chest wall involvement. These characteristics, which comprise T4 disease in the 
current American Joint Cancer Commission (AJCC) classification system, were identi- 
fied by Haagensen and Stout at a time when radical mastectomy was the recognized 
treatment for breast cancer. As clinical practice evolved in the 1970s and 1980s to include 
the option of lumpectomy or segmental excision plus radiotherapy, many physicians 
came to consider tumors greater than 5 cm (AJCC T3) to be “locally advanced” because 
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their size usually precludes breast-conserving surgery. Thus the term LABC now 
describes a more heterogeneous group of patients with AJCC Stages IIB, IA, and IIB. 
While all of these patients may be said to have LABC, they have a spectrum of prognoses. 
This is important to recognize when reviewing the results of clinical trials that include 
varying proportions of patients with good or poor prognosis tumors. In addition, many 
reported series include patients with inflammatory breast cancer, which is characterized 
by a distinct, aggressive clinical course and is best considered a separate entity. In this 
chapter, we will use the term “LABC’” to denote tumors considered to be locally advanced 
based on T3, T4, or N2 status, but excluding inflammatory breast cancer. Although 
patients with LABC comprise a heterogeneous group with respect to outcome, they share 
a high rate of both local and distant failure compared to patients with earlier stage disease. 
To achieve success, treatment strategies for LABC must accomplish local control and 
eradicate distant micrometastases. 


3. LOCALLY ADVANCED BREAST CANCER: 
SEQUENTIAL THERAPIES 


Three prospective randomized trials reported in the 1980s compared local therapy 
alone to local therapy followed by systemic therapy. Two of the studies included patients 
with T3b or T4 disease; local therapy was radiation therapy (RT) only. It is noteworthy 
that, although in one of these two studies the addition of systemic therapy improved 
disease-free survival compared to RT alone, in neither study did the addition of systemic 
therapy show a significant survival benefit compared to RT (1,2). The failure of systemic 
therapy to improve overall survival in these studies may be related to the fact that the use 
of conventional dose RT without surgery was inadequate to ensure local control, a deter- 
minant of outcome in LABC. The third randomized study investigating adjuvant sys- 
temic therapy in LABC enrolled patients with somewhat earlier stage, operable disease: 
T3, NO—2. All patients underwent a modified radical mastectomy followed by one of 
three treatment arms: RT alone, chemotherapy alone (doxorubicin, vincristine, and 
cyclophosphamide), or RT followed by chemotherapy (3). Combined therapy produced 
better relapse-free survival than RT or chemotherapy alone. In terms of overall survival, 
both combined therapy and chemotherapy were significantly superior to RT alone. Con- 
versely, significantly better local control was maintained in both arms including radiation 
compared to the chemotherapy alone group. 


3.1. Neoadjuvant Chemotherapy 


The large experience with neoadjuvant chemotherapy (also called induction, primary, 
or preoperative chemotherapy) in patients with LABC allows us to derive the following 
conclusions: 


e Objective response rates are significantly higher than those observed when the same 
chemotherapy is given to patients with overt metastatic disease. 

e It appears to improve the overall survival of patients with LABC, but most patients 
remain at high risk for the development of distant metastases. 

e Without additional radiation therapy only a minority of patients achieve pathological 
response in the breast and axillary nodes. 

e The response to induction therapy provides prognostic information. 


Neoadjuvant chemotherapy has become a standard of care for LABC based on mul- 
tiple nonrandomized trials demonstrating excellent clinical response rates and improved 
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survival compared to historic controls. Standard anthracycline-based chemotherapy 
induces responses in 60-90% of patients, as shown in Table 1. However, in spite of high 
response rates, induction chemotherapy only rarely eradicates the primary tumor in the 
breast and axilla with most patients found to have significant residual disease at surgery. 


4. LOCALLY ADVANCED BREAST CANCER: 
CONCURRENT CHEMORADIATION 


Encouraged by the promising results achieved in other tumor types (4—6), in the early 
1990s we hypothesized that locally advanced breast cancer could also be treated by primary 
concurrent chemoradiation (chemo-RT). Moreover, LABC could be a clinical setting to 
conduct interesting translational research. A series of observations justified this position: 


1. Because of the accessibility of large breast cancers it is relatively easy to obtain tissue for 
molecular studies (7). 

2. Preoperative/neoadjuvant treatment is the conventional approach, allowing for a reliable 
pathological quantification of response to therapy. 

3. LABC propensity to local recurrence makes local control a priority, in order to preserve 
the best quality of life in these patients. 


Based on these presumptions, during the past decade we have tested in two prospective 
Phase I-II clinical trials the role of concurrent chemo-RT as the primary therapy in LABC. 
In both trials pretreatment biopsies of the tumor were included in the study design to 
explore correlations between original molecular markers and the extent of pathological 
response achieved at surgery, after chemo-RT. 


4.1. Concurrent 5-Fluorouracil (5-FU) and Radiation 


The first trial combined concurrent 5-FU and radiation, as a continuation of the expe- 
rience acquired at our institution by combining the radiosensitizing properties of 5-FU 
(8,9) with radiation in gastrointestinal cancers (10,11). We selected the continuous infu- 
sion (CI) schedule, both with the purpose of optimizing drug exposure during the course 
of radiation and because of its promising results in metastatic breast cancer (12). Figure 
1A displays the original study design of this trial (73,14). Eligible for this study were 
patients with particularly large LABC, defined “inoperable” at presentation because in 
order to resect the primary tumor the wound could be closed only with the interposition 
of a skin graft or a myocutaneous flap (14). Preoperative CI infusion 5-FU, 200 mg/m?/d 
was delivered for 8 wk with radiotherapy, wk 3—8, 50 Gy at 2 Gy fractions. 

For each patient pretreatment breast cancer biopsies were analyzed by immunohis- 
tochemistry for ER/PR hormonal receptors, HER2/neu and p53 overexpression. This 
study pilot-tested a definition of pathological response to chemo-RT. At mastectomy 
pathological findings were classified based on persistence of invasive cancer: pathologi- 
cal complete response (pCR) = no residual invasive cells in the breast and axillary con- 
tents; pathological partial response (pPR) = presence of microscopic foci of invasive cells 
in either the breast or nodal specimens; no pathological response (pNR) = pathological 
persistence of tumor. Presence of ductal carcinoma in situ (DCIS) in the specimen did 
not modify this classification. All patients responded enough to become operable with 
primary wound closure. A high clinical and pathological response rate characterized this 
trial in large inoperable breast cancers, with 71% of patients achieving objective clinical 
response (CR + PR) and 34% achieving either complete or partial pathological response. 


opt 


Table 1 


Contemporary Phase I-li Trials of Primary Anthracycline-Based Chemotherapy, Followed by Surgery and Radiation 


Author, year 
Zambetti, 1999 (20) 


Thomas, 1999 (45) 
(MDAC) 


Honkoop, 1999 (46) 
Dhingra, 1999 (47) 


Karlsson, 1998 (19) 


Eltahir, 1998 (48) 


DeMatteis, 1998 (49) 
Kuerer, 1999 (15) 


Morrell, 1998 (17) 


Number 
of pts. 


88 


377 


42 
202 


128 


77 


87 
372 


49 


Treatment regimen 


Preoperative doxorubicin, post-op CMF, 
XRT 
Pre-op chemo (variety of regimens), 
XRT for all patients 
with > 1 cm residual tumor 
Pre-op dose intense AC, post-op XRT 
Pre-op standard FAC vs dose intense FAC, 
post-op vinblastine, methotrexate 


Pre-op FEC, post-op FEC and XRT 


Pre-op chemo, followed by XRT 

then surgery 
Pre-op epirubicin, surgery, post-op XRT 
Doxorubicin-based CT, surgery/XRT 


Doxorubicin-based CT, surgery/XRT 


Response rate 


OR = 70% path CR = 2% 


OR = 85% 


OR = 98%, path CR = 14% 
FAC: OR = 76% path CR 9% 
dose intense FAC: 
OR = 90% path CR 14% 
Overall response rate 60%, 
pathologic CR 5% 


OR = 90% 


OR = 84% 
Path CR = 16% 


OR = 89%, path CR = 20% 


Survival 


At 52 mo, RFS 52%, 
OS 62% 

10 yr DFS 58% for INA, 
29% for IIIB 


3 yr DFS 57%, OS 79% 
5 yr DFS 53% 
for standard FAC, 
57% for dose intense FAC 
5 yr DFS 36%, OS 49% 
(Inflammatory pts. 
fared poorly.) 
5 yr DFS 48% 


5 yr OS 54% 

5 yr DFS pathologic 
CR 87%, others 58% 

5 yr DFS 51% 
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A 


Biopsy -Proven, LABC,Inoperable+,Informed Consent, Staging (CT Chest Abdomen 
And Pelvis)Placement Of Central Line. First Pre-Treatment Tumor Core Biopsies 


Start c.i. 5-FU, 200 mg/ m2/day for 2 weeks. 
Day 14, Second core biopsy; Start RT50 Gy @2Gy/fraction 
/ \ 





Operable patients Inoperable patient 
Surgery (MRM#) Core Biopsies for 
/ Biological Studies 


ACX4 
B 


Biopsy-Proven LABC,TNM Stage IIB (T3 NO Only) And III. Informed Consent, Staging 
(CT Chest Abdomen And Pelvis). Pre-Treatment Tumor Core Biopsies 
Start Paclitaxel 30 mg/m Twice -Weekly (1 H Infusion) 
A Week Later, Start Rt 45 Gy @1.8 Gy/Fraction 


No Change Or Clinical Response Progression 
Twice A Week Paclitaxel X 2 Weeks ie X4 
Surgery (MRM#) 
CR/PR: SD/NR: 
ATX : ne X4 


Fig. 1. (A) Study design of concurrent CI 5-Fluorouracil and radiation in LABC. (B) Study design 
of concurrent paclitaxel and radiation in LABC. 


The pathological response rate of chemo-RT compares favorably with that of any 
reported contemporary chemotherapy neo-adjuvant trial in this patient population (/5— 
20). In addition, this study proved the feasibility of using biological correlates from 
pretreatment tumor biopsies to explore associations with pathological response. In fact, 
11/21 patients (52%) with no evidence of p53 overexpression at immunohistochemistry 
achieved a pathological response to the regimen, compared to 1/14 patients (7%) with 
overexpressed p53 (p = 0.010, Fisher exact text). 

At multivariate analysis, lack of p53 overexpression was the only independent predic- 
tive factor for pathological response. Nevertheless, because the majority of patients who 
overexpressed p53 failed to achieve a pathological response, it became important to 
investigate agents less likely to be affected by tumor p53 status. Taxanes became the next 
drugs to combine in a concurrent use with radiation. 


4.2. Background for Combining Taxanes and Radiation 


In vitro and preclinical models support the combination of taxanes with radiation. 
For instance, Whal et al. have shown that loss of normal p53 function actually confers 
sensitivity to paclitaxel in some cell types because of an increased G2/M arrest leading 
to p53 independent cell death (2/) explaining the preferential activity of paclitaxel against 
cancer cells compared to normal cells (22) as well as its activity against tumors that are 
p53 mutated (23). Moreover, accumulation of cells at the G2/M checkpoint explains 
some of the in vivo radiosensitizing effects of the drug (24). Interestingly, our group was 
able to document in human tumor tissue the kinetics of paclitaxel induced apoptosis and 
mitotic arrest (25). The findings supported the use of twice/week regimen as the optimal 
radiosensitizing schedule in the clinic (26). 
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Another reason for studying taxanes ina chemo-RT approach to LABC is the fact that 
several potential markers of sensitivity to taxanes have been identified. Since the micro- 
tubule (MT) is a well-described target of paclitaxel, biochemical mediators that could 
impact microtubule stability are expected to affect paclitaxel activity. For instance, the 
components of mammalian microtubules are o and 6-tubulin: the latter is the main target 
of paclitaxel action (27) and elevated class III and class IV B-tubulin isoforms were found 
in paclitaxel-resistant ovarian tumor cells (28). Metablastin (also termed p19 and 
stathmin) is also a regulator of MT dynamics (29) and thus could influence paclitaxel 
activity. Similarly, MAP4 protein overexpression, which is known to stabilize MT and 
thus would be expected to antagonize paclitaxel, was found to predict for paclitaxel- 
resistance in vitro (30). Interestingly, MAP4 is one of the few genes known to be 
downregulated by wild-type p53, possibly explaining the observed inverse relationship 
of p53 status and paclitaxel activity (30). Other potential determinants for response to 
paclitaxel are genes associated with the apoptotic or cell cycle regulation pathways. 
Paclitaxel has been demonstrated to cause the phosphorylation of Bcl-2, which is sup- 
posed to abrogate the anti-apoptotic function of Bcl-2 by dissociating it from the pro- 
apoptotic molecule Bax (3/). Finally, HER2/neu overexpression was shown to both alter 
B-tubulin isoform expression and confer resistance to paclitaxel (32). Interestingly, Pietras 
et al. reported resistance to radiation when HER2/neu overexpression was induced in 
vitro and in vivo in a breast xenografts tumor model. They also generated preliminary 
evidence that a monoclonal antibody directed against the HER-2/neu receptor affects 
repair of radiation-induced DNA damage and enhances radiosensitivity of human breast 
cancer cells overexpressing HER2 (33). 


4.3. Concurrent Paclitaxel and Radiation: A Phase I-II Study 


Based on this background, the second concurrent chemo-RT study combined a taxane 
with RT (23,26). The trial design is described in Fig. 2. For each patient studied, pretreat- 
ment breast cancer biopsies were prospectively analyzed by immunohistochemistry for 
p53 overexpression. Estrogen receptor (ER), HER2/neu, metablastin, B-tubulin II and 
IV, MAP 4, Bcl-2, Bax gene expression were measured using real-time quantitative 
polymerase chain reaction (PCR). The regimen consisted of preoperative concurrent 
paclitaxel (30 mg/m? twice/week) for a total of 8 wk while radiation was delivered 
wk 2-7, 45 Gy at 1.8 Gy per fraction to the breast, and regional nodes. Forty-four patients 
accrued to the trial: The regimen was well tolerated with grade 3 toxicity limited to 
confluent wet desquamation in 10% and no grade 4 toxicities. Figure 2 exemplifies a case 
of a patient recovering from confluent wet desquamation a few days before mastectomy. 
This patient had residual cancer in the mastectomy specimen. Thirty-three percent 
achieved pathological response (pCR + pPR). Figures 3A and 3B document the micro- 
scopic findings from the tumor of a patient undergoing core biopsies before starting 
chemoradiation. In the same patient, Fig. 4A—C illustrate the microscopic findings after 
chemoradiation: This patient achieved a pathological CR. When associations of patho- 
logical response with molecular markers were explored, tumors with low HER2/neu gene 
expression and negative estrogen receptors were more likely to respond to the tested 
regimen (p = 0.009 and p = 0.006, respectively). Conversely, p53 protein expression 
measured by immunohistochemistry (IHC) did not appear to be associated with patho- 
logical response (p = 0.67) (34). 
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Fig. 2. Recovering wet desquamation after completion of concurrent paclitaxel and radiation in 
a patient who presented with stage IIIB breast cancer. 


5. PATHOLOGICAL RESPONSE IN LABC: 
A SURROGATE ENDPOINT FOR SURVIVAL 


Several lines of evidence exist to support the fact that in LABC the extent of patho- 
logical response after primary, neoadjuvant therapy is a surrogate for disease-free sur- 
vival and possibly for overall survival. Bonadonna et al. first reported significantly 
different survival among patients achieving pathological response after doxorubicin- 
based primary treatment when compared to patients who had persistent disease (35). 
Similarly, Kuerer et al. reported the clinical course of 372 patients treated with doxo- 
rubicin-based regimens at M.D. Anderson with a median follow-up of 58 mo both 
disease-free survival (DFS) and overall survival (OS) were statistically significantly 
better among patients who had achieved a pathological response compared to 
nonresponders (p < 0.01) (15). 

With regard to the 5-FU/RT trial, with a median follow-up of 5 yr, OS of the entire 
group of patients is 74% and DFS is 58%. With the limitations associated with the small 
number of patients in this study (35 patients), it is reassuring to note that postponing 
anthracycline-based treatment after mastectomy did not compromise DFS and OS among 
these women with large LABC, as shown in Table 2. 

We asked the question of whether a pathological response to a regimen of chemo- 
RT could also be a surrogate endpoint for survival in LABC. With a median follow-up 
of 5 yr, we found that the patients who had achieved a pathological response (pCR + 
pPR) to 5-FU/RT had both a better DFS and OS than the nonresponders (p = 0.023, 
and p = 0.06, respectively), with only one failure among the women who achieved 
pathological response. In addition, no isolated chest wall/nodal recurrences have 
occurred so far (36). It becomes compelling to explore strategies to optimize pathologi- 
cal response to chemo-RT. 
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Fig. 3. (A and B) Breast carcinoma, in a core biopsy of a patient, pretreatment. Hematoxylin-eosin 
(H&E)-stained histological sections show a poorly differentiated ductal carcinoma with evident 
nuclear pleomorphism and numerous mitotic figures. (A) H&E, magnification x200; (B) H&E, 
magnification x400. 


5.1. Future Studies 


The two consecutive chemo-RT Phase I-II studies conducted showed that different 
molecular markers were associated with pathological response: The finding supports the 
hypothesis that different drugs combined with concurrent radiation are effective on dif- 
ferent tumor types. If this hypothesis is correct, selecting up-front which patient should 
be treated with one type of chemo-RT vs the other, based on the molecular characteristics 
of the tumor, may optimize pathological response rates, thus potentially reflecting on 
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Fig. 4. (A and B) Breast tissue from the same patient, posttreatment. Section of the tumor bed post- 
treatment shows reactive changes consisting of cellular fibrous tissue with numerous vessels 
(granulation tissue) and infiltration by lymphocytes, plasma cells and numerous iron-loaded 
macrophages. No residual carcinoma cells are seen. (A) H&E, magnification x200; (B) H&E, 
magnification x400. 


survival. Besides, the addition of a monoclonal antibody against HER2/neu in patients 
with tumors overexpressing this marker could overcome their observed resistance to 
paclitaxel and radiation, as suggested by experimental models (33). To test these new 
hypotheses, we have started a clinical protocol that preselects LABC patients based on 
their tumor characteristics and assigns them to different chemoradiation regimens (taxane 
or fluoropyrimidine-based, combined with anti- HER2neu receptor monoclonal antibod- 
ies if HER2/neu positive). If this strategy is successful it could reflect in higher pathologi- 


OVC 


Author, year 


Powles, 1995 (18) 
Schwartz, 1994 (50) 
Merajver, 1997 (16) 
Formenti, 1997 (14,36) 


Karlsson, 1998 (19) 
Morrell, 1998 (17) 
Ayash, 1998 (51) 
Kuerer, 1999 (52) 


Zambetti, 1999 (20) 
Formenti, 2001 (34) 


Number 
of pts. 


105 
158 
89 
35 


128 
49 
37 

372 


88 
44 


Table 2 


Treatment 


Chemo-endocrine therapy/surgery/RT 
Doxorubicin-Based CT/surgery/RT 

Prolonged chemo-hormonal therapy/surgery or RT 
Concurrent FU/RT/surgery/post-op AC 


FEC/surgery/FEC/RT 


Doxorubicin-based CT, surgery/RT 
High dose CT with stem cell support/surgery/radiation 
Doxorubicin-based CT, surgery/RT 


Doxorubicin-based CT surgery/CMFX6/RT 
Concurrent paclitaxel/RT/surgery/post-op 
Doxorubicin-based CT 


Pathological Response and Outcome in Phase I-II Studies of LABC 


% Path 
response 


10% 
10% 
NA 
35% 


NA 
16% 
14% 
12% 


2% 
35% 


5 Y DFS 


NA 
61% 
44% 
58% 

pCR 90% 
Others 65% 
36% 
(actuarial) 
51% 
64% at 30 mo 
p CR 87% 
Others 58% 
52% 

NA 


5 Y OS 


NA 
69% 
54% 
74% 


49% 
(actuarial) 
63% 
NA 
pCR 89% 
Others 64% 
62% 
NA 
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cal response rates that, based on the preliminary association with outcome found in the 
first chemo-RT study (36), it is likely to reflect on DFS and OS. 


6. COMBINED MODALITY TREATMENT 
IN INFLAMMATORY BREAST CANCER 


Inflammatory carcinoma of the breast (IBC) is a unique syndrome characterized by 
extensive erythema of the breast, dermal lymphatic invasion, and an aggressive clinical 
course. There is a high likelihood of distant metastatic deposits, even though routine 
staging procedures are often negative at presentation. The multimodality therapy of 
inflammatory breast carcinoma thus emphasizes early aggressive systemic therapy. As 
is the case with noninflammatory LABC, the response to primary chemotherapy provides 
prognostic information. For example, investigators at M.D. Anderson reported a 10-yr 
DFS of 48%, 28%, and 10% for those with a CR, PR, and less than PR, respectively, in 
patients with inflammatory breast cancer treated with anthracyline-based therapy fol- 
lowed by surgery and/or radiation (37). Maloisel et al. reported response to primary 
chemotherapy to be the most significant prognostic factor determining DFS (38). 

Selected series are shown in Table 3. It should be noted that much of the literature on 
IBC reports on retrospective data obtained by reviewing the records of patients treated 
with a variety of sequential combination regimens, often over a period of 10 yr or more, 
and that randomized trials are lacking. Radiation therapy is usually given after induction 
chemotherapy; there are no reported series of concurrent chemotherapy and RT in IBC. 
Five-year DFS remains under 50% in the large majority of series. This has led to inves- 
tigational approaches that emphasize the eradication of microscopic metastatic disease, 
including high-dose chemotherapy with stem cell support. Early results from non- 
randomized studies of high-dose therapy are encouraging, but further data are needed to 
support the use of high-dose therapy outside the setting of a clinical trial (39,40). 

The role of surgery in the management of IBC has been controversial. The high rate 
of systemic failure supports the relative importance of effective systemic therapy in IBC, 
and the difficulty in obtaining clear surgical margins when there is diffuse dermal lym- 
phatic involvement has raised concern that surgery might not be useful and could even 
contribute to local recurrence if involved skin is transected. Although there are no ran- 
domized data evaluating the role of surgery in LABC, retrospective studies suggest that 
surgery is safe following successful induction chemotherapy and may improve local 
control and survival (4/). 


7. CONCLUDING REMARKS 


The management of locally advanced breast cancer and inflammatory breast cancer 
has evolved over the past twenty years. In general, surgery has maintained a role in the 
combined management of this disease but most studies have tested strategies to increase 
the extent of pathological response, especially in view of its prognostic implications. 

Protocols based on individualization of therapy based on molecular characteristics of 
the original tumor and their likelihood to be associated with response to a specific regi- 
men are under active investigation. It is likely that in the future, novel, high-throughput 
technologies for tumor molecular profiling may have a significant impact on the outcome 
of LABC and IBC patients. 


8h 


Number 
Author, year of pts. 
Fields, 1989 (42) 37 
Thoms, 1989 (43) 61 
Rouesse, 1986 (44) 170 
Maloisel, 1990 (38) 43 


Chevallier, 1993 (4/) 178 


Table 3 


Phase I-II Clinical Trials of Inflammatory Breast Cancer 


Treatment regimen 


CAF X 2-3 cycles — XRT —> 
mastectomy —> maintenance chemo 


Doxorubicin-based induction —> 
mastectomy — adjuvant chemo —> 
RT 

Doxorubicin-based induction —> 
RT — maintenance chemo 

FAC — mastectomy for responders —> 
FAC > RT 

Anthracycline based induction —> 
RT +/- surgery 


C = cyclophosphamide, A = doxorubicin, F = 5FU. 


Survival 


5 yr DFS 37%, 
OS 48% 


5 yr DFS 27% 


4 yr DFS, 
32-54% 
5 yr DFS 48% 


Median DFS 
17-22 mo 


Comment 


Patients had much better survival than 
historical controls that received RT. 
Mastectomy associated with improved 
local control and survival. 

39% of patients failed to respond to induction 
chemotherapy. Mastectomy not associated 
with improved local control or survival. 

4 yr DFS for patients who received RT alone 
at the same institution 15%. 
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1. COMBINED MODALITY THERAPY 


Localized cancers are not often treated using a single modality. Rather, they are 
approached in a multidisciplinary manner. This approach has evolved over the past 15 yr 
to include medicine, surgery, radiation oncology, and gastroenterology. 


2. GASTRIC CANCER 


2.1. Background 
2.1.1. EPIDEMIOLOGY 


Gastric cancer is more common than esophageal cancer is in western countries. An 
estimated 22,000 new cases of gastric cancer were expected to be diagnosed and 13,000 
deaths were expected to result from it in the United States in the year 2001. However, 
worldwide, gastric cancer is the second most common neoplasm, representing approx 
10% of new cancer cases and accounting for more than 12% of all cancer deaths 
although the incidence and mortality rates of this disease have been declining in most 
countries. Men are more frequently afflicted by gastric cancer than women at a ratio of 
approx 2:1. Also, the incidence of gastric cancer increases with age with most cases 
occurring between the ages of 65 and 74 yr. Gastric cancer is most prevalent in Asian 
countries with almost 40% of newly diagnosed cases found in China. However, when 
adjusted for age, the highest occurrence rate of new gastric cancer cases is in Japan. 
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In addition, from 1992 to 1997, only 21% of patients having gastric cancer presented with 
localized disease, and in all patients as a whole the 5-yr survival rate is 20% or less (1). 


2.1.2. ETIOLOGY AND Risk FACTORS 


Diet and environment have been implicated in the development of gastric cancer. 
Specifically, a diet low in vegetables and fruits and high in salts and nitrates has been 
associated with an increased risk of gastric carcinoma (2). Occupational exposure to 
carcinogens in coal mining and processing of nickel, rubber, and timber has also been 
reported to increase the risk of gastric cancer (3—6). Studies have also reported an asso- 
ciation between gastric adenocarcinoma and intestinal metaplasia (7). In yet another 
study, intestinal metaplasia was found in 94% of resected gastric cancers, suggesting that 
it is a premalignant condition (8). Furthermore, both prior gastric resection of benign 
disease and pernicious anemia have been anecdotally reported to be associated with an 
increased risk of gastric malignancies. Helicobacter pylori infection may be a contrib- 
uting factor in gastric carcinogenesis. The genetic abnormalities associated with gastric 
cancer have not been successfully elucidated, although a number of abnormalities have 
been described, particularly those of the p53 and APC genes. 


2.1.3. CLINICAL MANIFESTATIONS 


Most gastric cancers are at an advanced stage when diagnosed. Presenting signs and 
symptoms are often nonspecific and typically include pain, early satiety, weight loss, 
vomiting, and anorexia; hematemesis is the presenting manifestation in 10-20% of 
patients. Peritoneal implants, abdominal mass, ascites, hepatomegaly, and nodal involve- 
ment are among the other possible physical findings. 


2.1.4. SCREENING AND DIAGNOSIS 


Routine screening of gastric cancer is generally not performed in western countries. 
However, routine mass screening for gastric cancers is performed in Japan. Methods of 
screening include endoscopy and barium X-ray. Once a diagnosis is obtained, the staging 
work-up may include computed tomography (CT) scans and endoscopic ultrasound. 
Laparoscopic staging is also used commonly. 


2.1.5. PATHOLOGY 


Adenocarcinoma is the predominant form of gastric cancer, accounting for approx 
95% of all cases. Histologically, adenocarcinomas are classified as intestinal or diffuse; 
the mixed type occurs rarely. Intestinal-type cancer is characterized by cohesive cells that 
form gland-like structures and is often preceded by intestinal metaplasia. Diffuse-type 
cancer is composed of infiltrating cells that infrequently form masses or ulcers. Other 
histologic types, including squamous cell carcinomas, lymphomas, small cell carcino- 
mas, carcinoid tumors, leiomyosarcomas, and gastrointestinal soft tissue sarcomas are 
infrequent. 


2.1.6. STAGING AND PROGNOSIS 


Currently, the most frequently used staging system for gastric cancers is the TNM 
system (Table 1). The Japanese staging system relies on anatomic distribution but the 
American Joint Committee on Cancer (AJCC) system relies on the number of involved 
nodes. Traditional prognostic factors for gastric cancer include tumor size and number 
of involved nodes. It had been suggested that aneuploidy and diffuse-type adenocarci- 
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Table 1 
TNM Staging System for Gastric Cancer 


Primary tumor (T) 


Tx Primary tumor cannot be assessed 

TO No evidence of primary tumor 

Tis Carcinoma in situ: intraepithelial tumor with invasion 
of the lamina propria 

T1 Tumor invades lamina propria or submucosa 

T2 Tumor invades mucularis propria or subserosa 

T3 Tumor penetrates the serosa (visceral involvement) 
without invasion of adjacent structures 

T4 Tumor invades adjacent structures 


Regional lymph nodes (N) 


Nx Regional node(s) cannot be assessed 

NO No regional lymph node metastasis 

N1 Metastasis in 1—6 regional lymph nodes 
N2 Metastasis in 7-15 regional lymph nodes 
N3 Metastasis in >15 regional lymph nodes 


Distant metastases (M) 








Mx Distant metastasis cannot be assessed 
MO No distant metastases 
M1 Distant metastases 
5-Yr survival rate 
Stage grouping (%) 
Stage 0 (in situ) Tis NO MO >90 
Stage IA T1 NO MO 60-80 
Stage IB T1 N1 MO 50-60 
T2 NO MO 
Stage II Tl N2 MO 30-40 
T2 N1 MO 
T3 NO MO 
Stage INA T2 N2 MO 20 
T3 N1 MO 
T4 NO MO 
Stage IIIB T3 N2 MO 10 
Stage IV T4 N1-2 MO <5 
Any T N3 MO 
Any T Any N M1 





noma have a poorer outcome. Finally, the prognostic significance of various oncogenes 
and tumor suppressor genes is currently under investigation. 


2.1.7. TREATMENT 


The only potentially curative treatment modality for localized gastric cancer is sur- 
gery; however, overall 5-yr survival rate often does not exceed 40%. Patients having 
unresectable localized gastric cancers but no evidence of metastatic disease can be 
expected to survive 5—6 mo. Palliative measures for advanced gastric cancer can include 
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Table 2 

Standard Treatment According to Stage of Gastric Cancer 
Stage Standard treatment option 
0 Surgery 
IA Surgery 
IB Surgery +/- chemoradiation 
II Surgery +/- chemoradiation 
MA Surgery +/- chemoradiation 
HIB Palliative chemotherapy, radiotherapy +/- surgery, neoadjuvant chemoradiation 
IV Palliative chemotherapy, radiotherapy +/- surgery, neoadjuvant chemoradiation 


surgery, radiotherapy, and chemoradiotherapy; palliative resection or bypass is often not 
recommended. Also, the treatment of gastric cancer depends on the disease stage at the 
time of diagnosis (Table 2). 


2.1.8. LOCOREGIONAL DISEASE—SURGERY 


The current treatment recommendation for patients having local-regional gastric can- 
cer is surgical resection. The objectives of this treatment are to confirm resectability, 
completely remove the cancer, provide pathologic staging, and reestablish gastrointes- 
tinal continuity. Laparoscopy has emerged as an excellent tool for evaluating the extent 
of disease prior to surgery. However, subtotal gastrectomy is preferred over total gastrec- 
tomy, as it leads to comparable survival but lower morbidity. Additionally, the recom- 
mended margin of resection is 5 cm of normal gastric tissue. The extent of gastric resection 
depends on the location and size of the primary tumor. 

The extent of lymph node dissection at the time of gastrectomy continues to be con- 
troversial. D1 lymphadenectomy involves only the removal of pericardial or perigastric 
lymph nodes, while D2 lymphadenectomy involves the removal of lymph nodes along 
the celiac, left gastric, splenic, and hepatic arteries. Retrospective data have shown that 
extended lymphadenectomy (D2 dissection or greater) is associated with more precise 
staging, improved locoregional control, and enhanced survival in comparison with his- 
torical controls. The more extensive lymph node resection is safe and does not increase 
morbidity (9). However, it also has been shown that resection of the higher echelon of 
lymph nodes should be done only by experienced surgeons in large centers. In addition, 
prospective western studies comparing D1 and D2 lymphadenectomy have demonstrated 
higher postoperative morbidity and mortality without a significant improvement of long- 
term survival (70-12). 

Patients with T3-T4 tumors are at the highest risk for locoregional recurrence after 
potentially curative surgery regardless of their nodal and metastatic status. Even patients 
having node-negative disease (T3NO0) have a gastric cancer-related mortality rate of 
about 50% within 5 yr. However, mortality is significantly worse in patients having 
positive nodes. 


2.1.9. LOCOREGIONAL DISEASE—PREOPERATIVE THERAPY 


Because surgical resection is the only curative treatment modality, several clinical 
trials have been carried out to improve the success of gastric cancer. Furthermore, 
prompted by the promising results and acceptable toxicity of preoperative chemoradiation 
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in other parts of the gastrointestinal tract, such as the esophagus and rectum, there is 
growing enthusiasm for this modality in gastric cancer. Preoperative therapy used for this 
disease has included radiotherapy, chemotherapy, and chemoradiotherapy. 

In addition, Safran et al. (13) presented preliminary data on preoperative chemo- 
radiotherapy using paclitaxel (Taxol) in patients having T2-T4 NO-N3 adenocarcinoma. 
They found an overall response rate of 63% with acceptable toxicity. 


2.1.10. LOCOREGIONAL DisEASE—ADJUVANT THERAPY 

The 5-yr survival rate after “curative resection” for gastric cancer is only 30-40%. 
Treatment failure in these cases stems from a combination of local or regional recurrence 
and distant metastasis. This has stimulated interest in adjuvant and postoperative therapy 
in the hope of improving treatment results. 

The role of postoperative chemotherapy for gastric carcinoma is still not clearly 
defined. Numerous prospective, randomized trials have been conducted in the United 
States and Europe, producing conflicting results. For example, Hermans et al. (/4), ina 
meta-analysis of 123 trials, 11 of which could be analyzed for crude mortality odds, 
showed no improvement in survival after adjuvant chemotherapy. However, at the 1998 
American Society of Clinical Oncology (ASCO) meeting, Earle et al. (75) presented a 
reanalysis of the literature. Twelve trials met the criteria for inclusion in this meta- 
analysis. They found a small survival benefit in the group that received adjuvant chemo- 
therapy. Currently, postoperative adjuvant chemotherapy is not recommended. 

The results of a large clinical trial designed to evaluate the role of chemoradiotherapy 
in patients having resected gastric cancer were presented at the 2000 ASCO meeting. 
The study, INT-0116, was designed to evaluate postoperative adjuvant chemoradiation 
in these patients. A total of 556 patients having adenocarcinoma of the gastroesophageal 
junction were randomized to either receive postoperative chemoradiation or undergo 
observation after curative resection. The chemoradiotherapy regimen consisted of one 
cycle of 5-fluorouracil (5-FU) (425 mg/m?)/leucovorin (LV) (20 mg/m”) given daily for 
five cycles followed by 4500 cGy of radiation (180 cGy/day) given with 5-FU/LV 
(400 mg/m? and 20 mg/m?) on d 1—4 and the last 3 d of irradiation. One month after the 
completion of irradiation, two cycles of daily S-FU/LV (425 and 20 mg/m”, respectively) 
were given five times daily at monthly intervals. At a median follow-up of 3.3 yr, the 
3-yr disease-free survival rate was 49% in the treatment group and 32% in the observation 
group, while the 3-yr overall survival rate was 52% in the treatment group and 41% in the 
observation group. These differences were statistically significant. The median survival 
duration was also improved from 27 to 42 mo in the two arms of patients. As a result of 
this large trial, postoperative chemoradiation is now considered a standard of care for RO 
resected high-risk locally advanced adenocarcinoma of the stomach and gastroesoph- 
ageal junction (/6). 

2.1.11. DISCUSSION 

The major advance in the treatment of local-regional gastric carcinoma had been the 
new standard of adjuvant chemoradiotherapy following acurative resection. Laparoscopy 
is more or less established as a staging procedure prior to surgery. Staging with endo- 
scopic ultrasonography has improved. New strategies will include the use of preoperative 
approaches and incorporation of new agents. Similar to the carcinoma of the esophagus, 
the use of molecular markers to predict response and survival is needed. Preoperative 
chemoradiotherapy needs to be further investigated in this disease. 
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3. PANCREATIC CANCER 


3.1. Background 
3.1.1. EPIDEMIOLOGY 


Pancreatic cancer is a relatively rare malignancy, with approx 29,000 new cases diag- 
nosed in the United States in 1998. Its incidence has decreased slightly over the past two 
decades, primarily due to a steady decline in the incidence among white male individuals. 
Furthermore, carcinoma of the pancreas is mainly a disease of the elderly, as more than 
80% of cases occur between the ages of 60 and 80, and cases below the age of 40 are rare. 
In 1998, approx 28,900 deaths in the United States were attributed to pancreatic cancer, 
making it the fourth most common cause of cancer death in both men and women. The 
prognosis is dismal for patients having pancreatic cancer: The median survival duration 
is 6 mo from diagnosis, and less than 5% of patients survive 5 yr. Carcinoma of the 
pancreas is one of the most aggressive solid tumors, representing a major public health 
problem and significant clinical challenge (17-19). 


3.1.2. ETIOLOGY AND Risk FACTORS 


Many dietary and environmental factors have been implicated as possible etiologic 
factors in the development of pancreatic cancer, but no definite causal relationships have 
been established. The strongest evidence points to cigarette smoking as a risk factor 
associated with pancreatic cancer (20-24). Occupational exposure to certain chemicals 
has also been linked to pancreatic carcinoma (25). Others in the high-risk group include 
stone miners, cement workers, gardeners, textile workers, and leather tanners (17,26). 

Recent advances in the understanding of human genetics have brought about increas- 
ing appreciation of hereditary as a cause of pancreatic cancer. Abnormal changes in the 
oncogene K-ras, and tumor suppressor genes p53, p16, DPC4, and BRCA2 have been 
linked with carcinoma of the pancreas (27-28). 


3.1.3. PATHOLOGY 


The pancreas is both an endocrine and exocrine organ. However, most cancers (95%) 
occur in the exocrine portion. Histologically, ductal adenocarcinoma accounts for more 
than 80% of all pancreatic malignancies. Approximately 60% of all pancreatic cancers 
occur in the head of the pancreas, with 15% occurring in the body or tail and 20% diffusely 
involving the gland (29). 

Cancers in the head of the pancreas are usually less than 5 cm in diameter and are often 
associated with pancreatic and common bile duct obstruction, adjacent duodenum inva- 
sion, and portal vein or superior mesentery artery occlusion. Cancers in the tail of the 
pancreas are usually larger (5—10 cm) at the time of diagnosis and associated with splenic 
vein obstruction. Also, early subclinical metastases are characteristic of pancreatic can- 
cer as less than 20% of patients have disease confined to the pancreas at the time of 
diagnosis. In addition, 40% of patients have locally advanced disease (regional lymph 
node and adjacent organ involvement), and more than 40% have distant metastases at 
diagnosis (30). The most commonly involved distant organ is the liver, followed by the 
lungs, bone, and brain. 


3.1.4. CLINICAL MANIFESTATIONS 


The early symptoms of pancreatic cancer tend to be nonspecific, thus delaying diag- 
nosis in 80-90% of patients. Pain is the single most common presenting symptom; 
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specifically, the pain is constant and radiates to the middle and upper back, and it is due 
to invasion of the celiac and mesenteric plexuses (37—33). Obstructive jaundice occurs 
in approx 50% of all patients and up to 90% of those having cancer in the head of the 
pancreas (34). However, obstructive jaundice may represent less advanced cancer because 
patients seek medical attention early. Nausea, anorexia, weight loss, and fatigue also 
occur frequently. 

Currently, contrast-enhancing helical CT is considered a mainstay in detecting a sus- 
pected pancreatic mass and determining its resectability (35). Many studies have con- 
firmed the accuracy of helical CT in predicting resectability, with a resectability rate 
approaching 80% (36). 

Other important diagnostic procedures are angiography, endoscopic retrograde 
cholangiopancreatography (ERCP), endoscopic ultrasound (EUS), and laparoscopy; 
angiography is not used frequently. ERCP is not helpful if a pancreatic mass is seen on 
a CT scan, but it is needed to place a stent to relieve obstructive jaundice. EUS is a 
relatively new diagnostic tool for staging pancreatic cancer that can detect small 
intrapancreatic masses missed by CT. It may also become useful for obtaining tissue 
biopsy samples and instituting celiac plexus neurolysis for pain control (86). Also, some 
have advocated using laparoscopy with peritoneal cytology to further assess resectability 
(38,39). Direct laparoscopic visualization of the peritoneum, omentum, and liver surface 
can spare patients unnecessary surgery. Once a pancreatic mass is considered to be 
unresectable or if metastasis occurs, then a histologic diagnosis should be established by 
using direct fine-needle aspiration. 

Currently, there are a number of potential serum markers, including carcinoembryonic 
antigen (CEA), tumor-associated carbohydrate antigen (CA 19-9), CA 125 antigen, and 
monoclonal antibody products (DUPAN-2, SPAN-1). The level of CEA is elevated in 
approx 50% of pancreatic cancer patients, but it is also increased in patients having many 
benign and malignant disorders (40). Also, the CA 19-9 level is elevated in approx 80% 
of pancreatic cancer patients. Although it has some limitations, CA 19-9 is a reasonable 
marker for the management of pancreatic cancer as a diagnostic adjunct, prognostic 
indicator, and monitoring tool (41,42). 


3.1.5. STAGING AND PROGNOSIS 

The AJCC staging system, also known as the TNM staging system, is based on the 
extent of the primary tumor, regional lymph node involvement, and metastasis (Table 3). 
Unfortunately, this system is not clinically useful as it is only applicable when surgery 
is performed. For prognosis prediction and therapy selection, most centers rely on a 
clinical or radiographic staging system. The TNM system classifies pancreatic cancer 
into three groups: stage I, localized to the pancreas and surgically resectable; stage II, 
locally advanced and not surgically resectable; and stages III-IV, metastatic spread. Less 
than 15% of patients have stage I pancreatic cancer, and less than 10% of patients are 
expected to survive to 1 yr. 


3.1.6. TREATMENT 

Surgery, radiotherapy, and chemotherapy are the treatment options for patients having 
pancreatic cancer. These treatment modalities have had a limited impact. 
3.1.7. RESECTABLE DISEASE—SURGERY 


For a resectable mass located in the head of the pancreas, pancreatoduodenectomy 
(Whipple procedure) is considered the standard of care (43). This operation involves the 
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Table 3 


TNM Staging System for Pancreatic Cancer 


Primary tumor (T) 


Tx 
TO 
Tis 
Tl 
T2 
T3 


T4 


Regional lymph nodes (N) 


Nx 
NO 
N1 
pNla 
pN1b 


Distant metastases (M) 


Primary tumor cannot be assessed 
No evidence of primary tumor 
Carcinoma in situ 
Tumor limited to the pancreas < 2 cm in greatest dimension 
Tumor limited to the pancreas > 2 cm in greatest dimension 
Tumor extends directly into any of the following: 
duodenum, bile duct, peripancreatic tissue 
Tumor extends directly into any of the following: 
stomach, spleen, colon, adjacent large vessels 


Regional node(s) cannot be assessed 

No regional lymph node metastasis 
Regional lymph node metastasis 

Metastasis in a single regional lymph node 
Metastasis in multiple regional lymph nodes 





Mx Distant metastasis cannot be assessed 
MO No distant metastases 
Mi Distant metastases 

Stage grouping 
Stage 0 (in situ) Tis NO MO 
Stage I T1-2 NO MO 
Stage II T3 NO MO 
Stage II T1-3 N1 MO 
Stage IVA T4 Any N MO 
Stage IVB Any T Any N M1 


en bloc removal of the distal stomach and duodenum, the first portion of the jejunum, and 
the head and part of the body of the pancreas. However, despite successful surgery 
performed with curative intent, the prognosis remains unfavorable, even in this selected 
group of patients, with 5-yr survival rate of only 10-30% (44). Long-term postoperative 
morbidity further reduces quality of life. 


3.1.8. RESECTABLE DISEASE—POSTOPERATIVE THERAPIES 


The incidence of local recurrence of pancreatic cancer after curative resection is 50— 
80%. Patients who undergo pancreatoduodenectomy alone have a median survival dura- 
tion of 12 mo. However, a regimen combining external-beam radiotherapy (EBRT) with 
concomitant 5-FU chemotherapy has been shown to prolong survival in patients having 
locally advanced disease (45). Based on these data, the Gastrointestinal Tumor Study 
Group (GITSG) conducted a prospective, randomized study of adjuvant chemoradiation 
(5-FU at 500 mg/m? for 6 d plus 40-Gy radiotherapy therapy) following pancreato- 
duodenectomy (46). This study demonstrated that EBRT and concomitant 5-FU improved 
survival after curative resection. The GITSG study also observed a median survival 
duration of 18 mo. However, because of the prolonged recovery time after surgery, 24% 
of the patients in the adjuvant arm of this study could not begin receiving chemoradiation 
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until more than 10 wk after undergoing pancreatoduodenectomy. Other studies reported 
similar improved survival durations and delays in the administration of therapy (47-49). 


3.1.9. RESECTABLE DISEASE—PREOPERATIVE THERAPIES 


Despite its benefits, the administration of postoperative multimodality therapy is not 
possible in 24% of pancreatic cancer patients due to prolonged recovery time after 
pancreatoduodenectomy (50). However, several facts support the preoperative use of 
chemoradiation. First, positive gross and microscopic margins of resection along the 
right lateral border of the superior mesenteric artery are common following pancreato- 
duodenectomy, suggesting that surgery alone may be inadequate for local tumor control 
(51). Second, peritoneal dissemination due to surgical manipulation may be prevented by 
preoperative therapies. Third, because chemoradiation is administered before surgery, an 
extended postoperative recovery time does not affect recovery from multimodality 
therapy. Fourth, patients having disseminated disease that is evident upon restaging after 
chemoradiation are not subjected to unnecessary surgery. Finally, recent data suggest 
that preoperative chemoradiation may decrease the incidence of pancreaticojejunal anas- 
tomotic fistula, the most common complication following pancreatoduodenectomy (50). 

In a nonrandomized trial, Spitz et al. (50) compared the preoperative chemoradiation 
approach with standard adjuvant chemoradiotherapy. Preoperative radiotherapy was 
delivered either in the standard regimen of 50.4 Gy over 5.5 wk or at 30 Gy as rapid 
fractionation over 2 wk; postoperative irradiation was given up to a total dose of 50.4 Gy 
in standard fractionation. Both preoperative and postoperative radiotherapy were deliv- 
ered concurrently with a continuous infusion 5-FU at 300 mg/m7/d for 5 d weekly. Ata 
median follow-up of 19 mo, patients who underwent preoperative and postoperative 
chemoradiation had similar treatment toxicity, patterns of recurrence, and survival. 

Recent preoperative chemoradiation studies of resectable pancreatic cancer have dem- 
onstrated improved survival. One of the first of these evaluated preoperative therapy 
using 50.4 Gy standard fractionation irradiation with a concurrent continuous infusion of 
low-dose 5-FU in patients having resectable pancreatic adenocarcinoma (52). The recur- 
rence rate and median survival duration were better than those historically reported for 
patients only undergoing pancreatoduodenectomy (53). These findings prompted further 
studies evaluating the role of preoperative chemoradiation in patients having resectable 
pancreatic cancer. Data on 132 consecutive patients who received preoperative 5-FU and 
30.0-50.4 Gy of irradiation demonstrated a median survival duration of 21 mo (54). 
Using similar preoperative therapies, smaller studies demonstrated similar findings of 
improved survival (50,55,56). 

Despite the potential for better local-regional control using preoperative or adjuvant 
chemoradiotherapy, the prognosis of pancreatic cancer remains poor. Treatment failure 
is primarily due to distant metastases. Also, the progress in the treatment of pancreatic 
cancers is hindered by the absence of effective systemic agents. New approaches con- 
tinue to be developed that hopefully will alter the natural history of this disease. 

Gemcitabine, a new pyrimidine antimetabolite, is of substantial interest as a 
radiosensitizer in the treatment of pancreatic cancer. An ongoing multi-institutional 
Phase II study of preoperative EBRT and concomitant gemcitabine therapy for resectable 
adenocarcinoma will provide useful information (57—60). 

Several Phase II and III trials are currently accruing patients for evaluation of the role 
of different preoperative and postoperative chemoradiotherapy regimens for resected 
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pancreatic cancers. Specifically, Radiation Therapy Oncology Group (RTOG) protocol 
97-04 was designed for patients with complete resection of adenocarcinoma of the pan- 
creas. Patients are being randomized to receive one cycle of either 5-FU or gemcitabine 
followed by continuous infusion 5-FU plus radiotherapy (50.4 Gy) followed by additional 
5-FU or gemcitabine depending on the randomization. This study has accrued its initial 
target of 330 patients, but the total accrual target has now been extended to 500 or more 
patients to improve statistical power of the analysis. Another trial, RTOG 00-20, is being 
conducted to determine the efficacy of combined chemoradiation using gemcitabine and 
paclitaxel alone or with farnesy] transferase inhibitor R115777 for locally advanced pan- 
creatic cancer. Results of these studies should elucidate the role of combined modality 
therapy in patients having resectable, locally advanced pancreatic cancer. 


3.1.10. Discussion 


Pancreatic carcinoma is one of the most rapidly fatal malignancies. The highest benefit 
will come from studies to detect early disease. Even in patients with localized pancreatic 
carcinoma, the curative resection rate is much less than desired and curatively resected 
tumors do not often result in prolonged survival of patients. A great deal of work is nec- 
essary. It would also be important to further understand molecular biology of this disease 
to facilitate early detection and potentially for developing more effective treatments. 


4. GALLBLADDER AND BILIARY SYSTEM CANCERS 
4.1. Background 


4.1.1. EPIDEMIOLOGY 


Malignancies of the biliary tract are uncommon in the United States, with approx 
8000 cases reported annually; nearly two-thirds of these cases arise in the gallbladder, 
while the remainder (cholangiocarcinoma) originate from the bile ducts and periampullary 
region. However, gallbladder cancer occurs in epidemic proportions in many South 
American and Asian countries, particularly affecting women. 

Gallbladder carcinoma is diagnosed approx 5000 times a year in the United States, 
making it the most common biliary tract cancer and fifth most common gastrointestinal 
tract cancer. Also, approx 4500 cases of bile duct cancer occur each year in the United 
States. Women are more commonly afflicted than men, with a female-to-male ratio of 
2.7:1.0. The median age at presentation of gallbladder cancer is 73 yr. In addition, an 
incidence five to six times that in the general population is seen in southwestern Native 
Americans, Mexicans, Hispanics, and Alaskans. 

Bile duct malignancy is diagnosed approx 3000 times a year in the United States and 
is found equally in men and women. Extrahepatic bile duct cancers occur primarily in 
older individuals, with a median age at diagnosis of 70 yr. 


4.1.2. ETIOLOGY AND RISK FACTORS 


The risk of gallbladder cancer is higher in patients having cholelithiasis or a calcified 
gallbladder and typhoid carriers, while ulcerative colitis is a clear risk factor for bile duct 
cancer. Patients having ulcerative colitis have an incidence of bile duct cancer that is 9- 
21 times higher than that in the general population. 

Primary sclerosing cholangitis, congenital anomalies of the pancreaticobiliary tree, 
and parasitic infections are also associated with bile duct cancer. 
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4.1.3. PATHOLOGY 

About 85% of gallbladder malignancies are adenocarcinomas, whereas the remaining 
15% are squamous cell or mixed cancers. The major route of extension of gallbladder 
cancer is locoregional rather than distant, with 25% of patients having lymphatic involve- 
ment and 70% having direct extension into the liver. Similarly, more than 90% of bile 
duct malignancies are adenocarcinomas. The subtypes of bile duct adenocarcinomas 
include papillary, nodular, and sclerosing. The papillary and nodular types occur more 
frequently in the distal bile duct, whereas the sclerosing type is found most often in the 
proximal bile duct. Papillary adenocarcinomas of the bile duct have the best prognosis. 


4.1.4. CLINICAL MANIFESTATIONS 


Gallbladder cancers are often diagnosed incidentally or in late stages. The symptoms 
can include pain, vomiting, fatty food intolerance, anorexia, jaundice, and weight loss. 
Unlike gallbladder cancer, however, the most common symptom of bile duct cancer is 
painless jaundice, especially in patients having cancer involving the proximal bile duct. 
Nonspecific symptoms also can be manifested. 

Additionally, ultrasound may show a thickened gallbladder wall or tumor extension 
into the liver. However, CT scans are more helpful in assessing adenopathy and the 
spread of disease into the liver, porta hepatis, or adjacent structures. ERCP or 
transhepatic cholangiography (THC) may be useful in the presence of obstruction to 
localize primary tumor. 

Cholangiocarcinomas may present with biliary obstruction and can be mistaken for 
metastatic adenocarcinoma of unknown primary origin. Ultrasound should be used in 
the primary evaluation of jaundice. CT is complementary to ultrasound, but both tests 
are accurate in staging in only 50% of patients and in determining resectability in less 
than 45% of patients. However, cholangiography can define cholangiocarcinomas more 
clearly. In addition, percutaneous transhepatic cholangiography is used for proximal 
lesions, and ERCP is used for distal lesions. Magnetic resonance cholangiopancreato- 
graphy (MRCP) may replace invasive studies in the near future. Histologic confirma- 
tion of cancer can be obtained in 45-85% of patients with the use of exfoliate or brush 
cytology during cholangiography. 


4.1.5. STAGING AND PROGNOSIS 

Gallbladder cancer is staged primarily at the time of surgery. Specifically, the stage is 
determined by lymphatic involvement and extension to adjacent structures (Table 4). 
The 5-yr survival rate is 83% in patients having T1 lesion, and only 33% in patients 
having T3 lesions. In patients who have involvement of the lymph nodes or metastatic 
disease, the 5-yr survival rate ranges from 0-15%. 

More than 70% of patients having bile duct cancer have local extension, lymph node 
involvement, or distal spread. The AJCC staging system for bile duct cancer is shown in 
Table 5. The median survival duration is approx 12 mo in patients having localized cancer 
but less than 8 mo in those having metastatic disease. Survival is also related to cancer 
location, with patients having distal lesions doing better than those having mid or proxi- 
mal cancers. Also, curative resection and negative margins result in improved survival. 


4.1.6. TREATMENT 


The treatment options for localized gallbladder carcinoma and cholangiocarcinoma 
include surgery and chemoradiation. 
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Table 4 


TNM Staging System for Gallbladder Cancer 


Primary tumor (T) 


Tx Primary tumor cannot be assessed 

TO No evidence of primary tumor 

Tis Carcinoma in situ 

T1 Tumor invades the lamina propria or muscle layer 

Tla Tumor invades the lamina propria 

T1b Tumor invades the muscle layer 

T2 Tumor invades the perimuscular connective tissue; 
no extension beyond the serosa or into the liver 

T3 Tumor perforates the serosa (visceral peritoneum), 
directly invades one adjacent organ, or both 
(extension < 2 cm into the liver) 

T4 Tumor extends > 2 cm into the liver and/or into two or more 


Regional lymph nodes (N) 


Distant metastases (M) 





adjacent organs (stomach, duodenum, colon, pancreas, 
omentum, extrahepatic bile ducts, any involvement 
of the liver) 


Nx Regional node(s) cannot be assessed 

NO No regional lymph node metastasis 

N1 Metastasis in the cystic ducts, pericholedochal lymph nodes, 
and/or hilar lymph nodes (i.e., in the hepatoduodenal ligament) 

N2 Metastasis in the peripancreatic (head only), periduodenal, 


periportal, celiac, and/or superior mesenteric lymph nodes 











Mx Distant metastasis cannot be assessed 
MO No distant metastases 
Mi Distant metastases 
5-Yr survival rate 
Stage grouping (%) 
Stage 0 (in situ) Tis NO MO >95 
Stage I Tl NO MO 85-100 
Stage II T2 NO MO 50-80 
Stage II T1-3 N1 MO 40-60 
T3 NO MO 
Stage IVA T4 NO MO 30-40 
T4 N1 MO 
Stage IVB Any T N2 MO <10 
Any T Any N M1 


4.1.7. TREATMENT—SURGICAL MANAGEMENT 


Surgical management of gallbladder carcinoma is based on local extension of the 
cancer. For example, T1 lesions require cholecystectomy alone, while many experts have 
advocated radical cholecystectomy for T2 lesions. There are several reasons for this 
recommendation. Specifically, Yamaguchi and Tsuneyoshi (6/) reported 44% positive 
microscopic margins in patients having T2 lesions who underwent only simple cholecys- 
tectomy. Additionally, T2 lesions are associated with an increased incidence of nodal 
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Table 5 


TNM Staging System for Bile Duct Cancer 


Primary tumor (T) 


Tx 
TO 
Tis 
Tl 


Tla 
Tib 
T2 
T3 


Regional lymph nodes (N) 


Nx 
NO 
N1 


N2 


Distant metastases (M) 


Primary tumor cannot be assessed 

No evidence of primary tumor 

Carcinoma in situ 

Tumor invades the subepithelial connective tissue 
or fibromuscular layer 

Tumor invades the subepithelial connective tissue 

Tumor invades the fibromuscular layer 

Tumor invades the perifibromuscular connective tissue 

Tumor invades adjacent structures: liver, pancreas, duodenum, 
gallbladder, colon, stomach 


Regional node(s) cannot be assessed 

No regional lymph node metastasis 

Metastasis in the cystic ducts, pericholedochal lymph nodes, 
and/or hilar lymph nodes (i.e., in the hepatoduodenal ligament) 

Metastasis in the peripancreatic (head only), periduodenal, 
periportal, celiac, superior mesenteric, 
and/or posterior pancreaticoduodenal lymph nodes 





Mx Distant metastasis cannot be assessed 

MO No distant metastases 

M1 Distant metastases 

Stage grouping 

Stage 0 (in situ) Tis NO MO 

Stage I Tl NO MO 

Stage II T2 NO MO 

Stage II T1-2 N1 MO 
T1-2 N2 MO 

Stage IVA T3 Any N MO 

Stage IVB Any T Any N M1 


metastases and higher local-regional recurrence rate after curative resection (62,63). 
Furthermore, radical cholecystectomy should include wedge resection of the gallbladder 
bed and porta hepatis lymphadenectomy. With more aggressive surgical resection, the 
overall survival duration is improved in patients having T2 gallbladder cancer (64), and 
cancer with only gallbladder nodal metastases may be curable and should be resected. 
Cancer with nodal metastases beyond the pericholedochal nodes is often incurable. 
The rate of resectability is only 15—20% for proximal bile duct carcinomas but up to 
70% for distal lesions. In addition, there is little benefit to preoperative decompression 
of the biliary tree in patients having obstructive jaundice (65,66). However, this proce- 
dure is frequently practiced. For proximal cancers, local excision is often possible. 
In particular, hepatic resection is indicated for upper bile duct cancers with quadrate lobe 
invasion or unilateral intrahepatic ductal or vascular involvement, and distal and 
midductal lesions may require pancreatoduodenectomy. Also, biliary—enteric continuity 
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can be achieved using Roux-en-Y anastomosis. Finally, liver transplantation has signifi- 
cant morbidity and no demonstrated survival benefit; thus, it is not a routine option (67-69). 


4.1.8. TREATMENT—CHEMORADIATION 


The role of preoperative therapy for resectable disease remains ill defined. Local 
recurrence after curative resection of gallbladder cancer can be as high as 86% (70). 
Resected bile duct cancers have a rate of local recurrence of 25-40% (71). 

Clinical trials are being performed to evaluate the role of preoperative therapy in 
improving the overall survival duration in patients having localized gallbladder cancer 
and cholangiocarcinoma. For example, one prospective nonrandomized Phase II study 
involved a preoperative continuous infusion of 5-FU and concomitant radiotherapy in 
18 potentially resectable gallbladder cancer patients. At a median follow-up of 2 yr, 
39% of the patients were still alive, and only 9% had a local recurrence after curative 
resection (72). A retrospective analysis of patients having extrahepatic cholangio- 
carcinoma in one institution suggested that preoperative chemoradiation for poten- 
tially resectable disease resulted in a complete pathologic response rate of 33% with 
a significantly improved rate of margin-negative resection (73). There are still no 
prospective data to support adjuvant radiotherapy or chemotherapy for gallbladder 
cancers or cholangiocarcinomas, though. However, based on some preliminary data, 
preoperative chemoradiation is recommended frequently for patients having resected 
biliary tract cancer that is at T3 and/or is node positive. 


4.1.9. DISCUSSION 


Gall bladder carcinoma is rampant in certain parts of the world. For example, it is the 
number one cause of death in women in Chile. Little has been known about these diseases. 
Since local relapse and low resectability remain major problems, more efforts are 
necessary to study preoperative chemoradiotherapy approaches and better staging 
techniques. 


ACKNOWLEDGMENT 


Supported in part by grants from Smith, Cantu, Dallas, and Ziffer Families and the 
Rivercreek Foundation. 


REFERENCES 


1. Anonymous, SEER Cancer Statistics Review, 1973-98. 1998. 

2. Neugut AI, Hayek M, Howe G. Epidemiology of gastric cancer. Semin Oncol 1996; 23(3):281-291. 

3. Gonzalez CA, et al. Occupation and gastric cancer in Spain. Scand J Work Environ Health 1991; 
17(4):240-247. 

4. Kneller RW, et al. Occupational risk factors for gastric cancer in Shanghai, China. Am J Ind Med 1990; 
18(1):69-78. 

5. Parent ME, Siemiatycki J, Fritschi L. Occupational exposures and gastric cancer. Epidemiology 1998; 
9(1):48-55. 

6. Tsuda T, et al. A case-control study of the relationships among silica exposure, gastric cancer, and 
esophageal cancer. Am J Ind Med 2001; 39(1):52-57. 

7. Sugimura T, Matsukura N, Sato S. Intestinal metaplasia of the stomach as a precancerous stage. 
IARC Sci Publ 1982; 39:515-530. 

8. Lei DN, Yu JY. Types of mucosal metaplasia in relation to the histogenesis of gastric carcinoma. 
Arch Pathol Lab Med 1984; 108(3):220-224. 


Gastric, Pancreatic, and Biliary Tract Carcinomas 267 





9. 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 
21. 


22. 


23. 


24. 


25. 


26. 


27. 


28. 


29. 


30. 


31. 


32; 
33. 


34. 
35. 


36. 


Brennan MF, Karpeh MS Jr. Surgery for gastric cancer: the American view. Semin Oncol 1996; 
23(3):352-359. 

BonenkampJJ, et al. Extended lymph-node dissection for gastric cancer. Dutch Gastric Cancer Group. 
N Engl J Med 1999; 340(12):908-914. 

Cuschieri A, etal. E.A.E.S. multicenter prospective randomized trial comparing two-stage vs single- 
stage management of patients with gallstone disease and ductal calculi. Surg Endosc 1999; 
13(10):952-957. 

Cuschieri A, et al. Patient survival after D1 and D2 resections for gastric cancer: long-term results of the 
MRC randomized surgical trial. Surgical Co-operative Group. Br J Cancer 1999; 79(9-10):1522-1530. 
Safran H, et al. Paclitaxel and concurrent radiation therapy for locally advanced adenocarcinomas 
of the pancreas, stomach, and gastroesophageal junction. Seminars in Radiation Oncology 1999; 
9(2 Suppl 1):53-57. 

Hermans J, et al. Adjuvant therapy after curative resection for gastric cancer: meta- analysis of ran- 
domized trials. J Clin Oncol 1993; 11(8):1441-1447. 

Earle CC, Maroun A. Adjuvant chemotherapy after curative resection for gastric cancer: Revisiting a 
meta-analysis of randomized trials (abstract). Proc Am Soc Clin Oncol 1998. 

Macdonald JS, et al. Chemoradiotherapy after surgery compared with surgery alone for adenocarci- 
noma of the stomach or gastroesophageal junction. N Engl J Med 2001; 345(10):725-730. 

Gold EB, Goldin SB. Epidemiology of and risk factors for pancreatic cancer. Surg Oncol Clin N Am 
1998; 7(1):67-91. 

Landis SH, et al. Cancer statistics, 1998. (erratum appears in CA Cancer J Clin 1998 May- 
Jun;48(3):192; CA Cancer J Clin 1998 Nov—Dec;48(6):329). Ca: a Cancer Journal for Clinicians, 
1998; 48(1):6-29. 

Wingo PA, et al. Annual report to the nation on the status of cancer, 1973—1996, with a special section 
on lung cancer and tobacco smoking. J Natl Cancer Inst 1999; 91(8):675—-690. 

La Vecchia C, et al. Smoking and cancer with emphasis on Europe. Eur J Cancer 1991; 27(1):94-104. 
Mack TM, etal. Pancreas cancer and smoking, beverage consumption, and past medical history. J Natl 
Cancer Inst 1986; 76(1):49-60. 

Olsen GW, et al. A case-control study of pancreatic cancer and cigarettes, alcohol, coffee and diet. 
Am J Public Health 1989; 79(8):1016-1019. 

Silverman DT, et al. Cigarette smoking and pancreas cancer: a case-control study based on direct 
interviews. J Natl Cancer Inst 1994; 86(20):1510—-1516. 

Zheng W, et al. A cohort study of smoking, alcohol consumption, and dietary factors for pancreatic 
cancer (United States). Cancer Causes Control 1993; 4(5):477-482. 

Mancuso TF, el-Attar AA. Cohort study of workers exposed to betanaphthylamine and benzidine. 
J Occup Med 1967; 9(6):277-285. 

Pietri F, Clavel F. Occupational exposure and cancer of the pancreas: a review. Br J Ind Med 1991; 
48(9):583-587. 

Hruban RH, et al. Genetics of pancreatic cancer. From genes to families. Surg Oncol Clin N Am 1998; 
7(1):1-23. 

Nomoto S, et al. Clinical application of K-ras oncogene mutations in pancreatic carcinoma: detection 
of micrometastases. Semin Surg Oncol 1998; 15(1):40-46. 

Wilentz RE, Hruban RH. Pathology of cancer of the pancreas. Surg Oncol Clin N Am 1998; 
7(1):43-65. 

Wingo PA, et al. Cancer incidence and mortality, 1973-1995: a report card for the U.S. Cancer, 1998; 
82(6):1197—1207. 

Kelsen DP, et al. Pain and depression in patients with newly diagnosed pancreas cancer. J Clin Oncol 
1995; 13(3):748-755. 

Krech RL, Walsh D. Symptoms of pancreatic cancer. J Pain Symptom Manage 1991; 6(6):360-367. 
Passik SD, Breitbart WS. Depression in patients with pancreatic carcinoma. Diagnostic and treatment 
issues. Cancer 1996; 78(3 Suppl):615-626. 

Lillemoe KD, Pitt HA. Palliation. Surgical and otherwise. Cancer 1996; 78(3 Suppl):605-614. 
Bluemke DA, Fishman EK. CT and MR evaluation of pancreatic cancer. Surg Oncol Clin N Am 1998; 
7(1):103-124. 

Fuhrman GM, et al. Thin-section contrast-enhanced computed tomography accurately predicts 
the resectability of malignant pancreatic neoplasms. Am J Surg 1994; 167(1):104—111; discussion 
111-113. 


268 


Phan and Ajani 





37 


38. 


39. 


40. 


41. 


42. 
43. 


44. 


45. 


46. 


47. 


48. 


49. 


50. 


51. 


52. 


53. 


54. 


55. 


56. 


57. 


58. 


59. 


60. 


61. 
62. 


63. 


. Stevens PD, Lightdale CJ. The role of endosonography in the diagnosis and management of pancreatic 
cancer. Surg Oncol Clin N Am 1998; 7(1):125-133. 

Fernandez-del Castillo CL, Warshaw AL. Pancreatic cancer. Laparoscopic staging and peritoneal 
cytology. Surg Oncol Clin N Am 1998; 7(1):135-142. 

Steinberg WM, et al. Workup of a patient with a mass in the head of the pancreas. Pancreas 1998; 
17(1):24-30. 

Posner MR, Mayer RJ. The use of serologic tumor markers in gastrointestinal malignancies. Hematol 
Oncol Clin North Am 1994; 8(3):533-553. 

Nakao A, et al. Clinical usefulness of CA-19-9 in pancreatic carcinoma. Semin Surg Oncol 1998; 
15(1):15-22. 

Ritts RE, Pitt HA. CA 19-9 in pancreatic cancer. Surg Oncol Clin N Am 1998; 7(1):93-101. 

Evans DB, Jessup JM, Colacchio T. Pancreatic cancer surgical practice guidelines. Pancreatic Cancer 
Practice Guideline Committee. Oncology (Huntingt) 1997; 11(7):1074—-1079. 

Nitecki SS, et al. Long-term survival after resection for ductal adenocarcinoma of the pancreas. Is it 
really improving? Ann Surg 1995; 221(1):59-66. 

GITSG, A multi-institutional comparative trial of radiation therapy alone and in combination with 
5-fluorouracil for locally unresectable pancreatic carcinoma. The Gastrointestinal Tumor Study Group. 
Ann Surg 1979; 189(2):205—208. 

GITSG, Further evidence of effective adjuvant combined radiation and chemotherapy following cura- 
tive resection of pancreatic cancer. Gastrointestinal Tumor Study Group. Cancer 1987; 59(12):2006— 
2010. 

Sohn TA, et al. Resected adenocarcinoma of the pancreas-616 patients: results, outcomes, and prog- 
nostic indicators. J Gastrointest Surg 2000; 4(6):567-579. 

Kalser MH, Ellenberg SS. Pancreatic cancer. Adjuvant combined radiation and chemotherapy follow- 
ing curative resection. Arch Surg 1985; 120(8):899-903. 

Klinkenbijl JH, et al. Adjuvant radiotherapy and 5-fluorouracil after curative resection of cancer of the 
pancreas and periampullary region: phase III trial of the EORTC gastrointestinal tract cancer coopera- 
tive group. Ann Surg 1999; 230(6):776-782; discussion 782-784. 

Spitz FR, et al. Preoperative and postoperative chemoradiation strategies in patients treated 
with pancreaticoduodenectomy for adenocarcinoma of the pancreas. J Clin Oncol 1997; 15(3): 
928-937. 

Willett CG, et al. Resection margins in carcinoma of the head of the pancreas. Implications for radiation 
therapy. Ann Surg 1993; 217(2):144-148. 

Staley CA, et al. Preoperative chemoradiation, pancreaticoduodenectomy, and intraoperative radia- 
tion therapy for adenocarcinoma of the pancreatic head. Am J Surg 1996; 171(1):118-124; discussion 
124-125. 

Griffin JF, et al. Patterns of failure after curative resection of pancreatic carcinoma. Cancer 1990; 
66(1):56-61. 

Breslin TM, et al. Neoadjuvant chemoradiation for adenocarcinoma of the pancreas. Frontiers Biosci 
1998; 3:E193-203. 

Hoffman JP, et al. Phase H trial of preoperative radiation therapy and chemotherapy for patients with 
localized, resectable adenocarcinoma of the pancreas: an Eastern Cooperative Oncology Group Study. 
J Clin Oncol 1998; 16(1):317-323. 

Pisters PW, et al. Preoperative chemoradiation for patients with pancreatic cancer: toxicity of 
endobiliary stents. J Clin Oncol 2000; 18(4):860-867. 

Hidalgo M, et al. Phase I-II study of gemcitabine and fluorouracil as a continuous infusion in patients 
with pancreatic cancer. J Clin Oncol 1999; 17(2):585-592. 

Lawrence TS, et al. Radiosensitization of pancreatic cancer cells by 2',2'-difluoro-2'-deoxycytidine. 
Int J Radiat Oncol Biol Phys 1996; 34(4):867-872. 

Miller AR, et al. Neoadjuvant chemoradiation for adenocarcinoma of the pancreas. Surg Oncol Clin 
N Am 1998; 7(1):183-197. 

Robertson JM, Shewach DS, Lawrence TS. Preclinical studies of chemotherapy and radiation therapy 
for pancreatic carcinoma. Cancer 1996; 78(3 Suppl):674-679. 

Yamaguchi K, Tsuneyoshi M. Subclinical gallbladder carcinoma. Am J Surg 1992; 163(4):382-386. 
Oertli DU, Herzog, Tondelli P. Primary carcinoma of the gallbladder: operative experience during a 
16 year period. Eur J Surg 1993; 159(8):415-420. 

Fong Y. Aggressive therapy is warranted for gallbladder cancer. Cancer Invest 1998; 16(1):64—-65. 


Gastric, Pancreatic, and Biliary Tract Carcinomas 269 





64. 


65. 


66. 


67. 


68. 
69. 


70. 


71. 


72. 


73. 


de Aretxabala XA, et al. Curative resection in potentially resectable tumours of the gallbladder. 
Eur J Surg 1997; 163(6):419-426. 

Shepherd HA, et al. Endoscopic biliary endoprosthesis in the palliation of malignant obstruction of the 
distal common bile duct: a randomized trial. Br J Surg 1988; 75(12):1166-1168. 

Andersen JR, et al. Randomised trial of endoscopic endoprosthesis versus operative bypass in malig- 
nant obstructive jaundice. Gut 1989; 30(8):1132-1135. 

Meyer CG, Penn I, James L. Liver transplantation for cholangiocarcinoma: results in 207 patients. 
Transplantation 2000; 69(8):1633-1637. 

Strong RW. Transplantation for liver and biliary cancer. Semin Surg Oncol 2000; 19(2):189-199. 
Wall WJ, Liver transplantation for hepatic and biliary malignancy. Semin Liver Dis 2000; 20(4): 
425-436. 

Bartlett DL, et al. Long-term results after resection for gallbladder cancer. Implications for staging and 
management. Ann Surg 1996; 224(5):639-646. 

Yamamoto M, et al. Recurrence after surgical resection of intrahepatic cholangiocarcinoma. 
J Hepatobiliary Pancreat Surg 2001; 8(2):154—-157. 

de Aretxabala X, et al. Preoperative chemoradiotherapy in the treatment of gallbladder cancer. Am Surg 
1999; 65(3):241-246. 

McMasters KM, et al. Neoadjuvant chemoradiation for extrahepatic cholangiocarcinoma. Am J Surg 
1997; 174(6):605—608; discussion 608-609. 


14 Chemoradiation in Therapy 


for Colon and Rectum Carcinoma 


Jason H. Lee, MD 
and Christopher G. Willett, MD 


CONTENTS 


INTRODUCTION 

EPIDEMIOLOGY AND BIOLOGY OF COLORECTAL CANCER 

ADJUVANT THERAPY OF COLON CARCINOMA 

ADJUVANT THERAPY OF RECTAL CARCINOMA 

FUTURE TRENDS IN COMBINED MODALITY THERAPY 
FOR COLORECTAL CARCINOMA 

REFERENCES 


1. INTRODUCTION 


Chemotherapy and radiation therapy play an important role in the management of 
colorectal carcinoma. Significant improvements in tumor control and overall survival 
have been demonstrated with the use of combined-modality therapy in several random- 
ized clinical trials performed over the past 25 yr. This chapter reviews the role of 
adjuvant chemotherapy and radiation therapy for colon and rectal cancer. Issues sur- 
rounding chemoradiation for rectal cancer, including sphincter preservation, total 
mesorectal excision, local excision, and newer chemotherapy agents, are also discussed. 


2. EPIDEMIOLOGY AND BIOLOGY OF COLORECTAL CANCER 


Carcinomas of the colon and rectum are the second most common cause of death in 
the United States. Approximately 130,000 cases of colorectal carcinoma are diagnosed 
annually, and 56,000 patients will die of their disease (7). A number of genetic mutations 
detected in familial adenomatous polyposis and hereditary nonpolyposis cancer syn- 
dromes predispose individuals to a high and early risk of developing colorectal cancer, 
but the majority of cases are sporadic. A diet high in fiber and low in fat as well as regular 
use of nonsteroidal antiinflammatory agents appears to have a protective effect. Despite 
public health efforts at routine screening for colorectal disease, a substantial proportion 
of patients are diagnosed with advanced stage disease. 
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Table 1 
AJCC Stage Grouping and Equivalent Modified Astler-Coller Staging 
AJCC TMN stage grouping Modified Astler-Coller staging 
Stage I Tl NO MO A Limited to mucosa 
(T1 lesions may invade submucosa) 
T2 NO MO BI Invades muscularis propria 
Stage II T3 NO MO B2 Penetrates muscularis propria 
T4 NO MO B3 Tumor invades through serosa (colon) or 
adjuvant organs 
Stage III T1-2 N1-2 MO Cl Positive nodes; within bowel wall 
T3 N1-2 MO C2 Positive nodes; penetrates muscularis propria 
T4 N1-2 MO C3 Positive nodes; invades through serosa (colon) 
or adjuvant organs 
Stage IV Any T Any NMI D Distant metastases 





Surgical resection is the mainstay of therapy, and the most important prognostic fac- 
tors following resection are the depth of penetration through the bowel wall and involve- 
ment of lymph nodes. The current American Joint Commission for Cancer (AJCC) and 
modified Astler-Coller staging systems are defined based on depth of penetration and 
number of lymph node metastases (Table 1). Other clinical and pathologic factors that 
determine the clinical course of disease include the preoperative serum level of 
carcinoembryonic antigen (CEA), lymphatic and blood vessel invasion, and histologic 
grade (2). More recently, there has been intense activity in correlating clinical outcome 
and response to treatment with molecular markers and genetic alterations such as 
microsatellite instability (3), cell proliferation indices, and loss of chromosome 18q (4). 
In the future, identification of subgroups of patients at high risk for relapse by these 
techniques may guide treatment recommendations. 

Although surgery is a vital component of patient management, resection alone is 
curative in approx 50% of patients with operable tumors. The presence of invasion 
through the muscularis propria (T3 or T4) or involvement of regional lymph nodes 
places patients at high risk for distant dissemination and local recurrence. The predomi- 
nant site of distant failure in colorectal carcinoma is the liver, and less commonly, 
lungs, and peritoneum. Patients with transmural or node-positive rectal cancer, or 
locally advanced colon cancer, are also at significant risk for local recurrence (5). 
Tumors arising at or below the peritoneal reflection are classified as rectal carcinomas. 
The location of the rectum within the bony confines of the pelvis and its proximity to 
adjacent organs make resection of tumors with wide radial margins difficult. Because 
of these factors, tumors originating in the rectum are associated with a higher risk of 
local failure compared with extrapelvic colon cancers on a stage by stage basis. With 
the exception of limited pelvic or hepatic relapse, salvage treatment is seldom feasible, 
and the majority of patients with recurrent disease ultimately die of cancer. Adjuvant 
therapy for colorectal carcinoma is delivered at the time of minimal disease burden for 
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properly selected patients to eradicate microscopic residual or metastases, avoid recur- 
rences, and improve cure rates over surgery alone. Oncologists have also recognized 
the role of adjuvant therapy before surgery to increase the chances of sphincter pres- 
ervation and the resectability of locally advanced disease. 


3. ADJUVANT THERAPY OF COLON CARCINOMA 
3.1. Chemotherapy 


The pattern of failure following resection of colon carcinoma is predominantly 
distant, and less commonly peritoneal or local. Whereas long-term survival for stage 
I and II colon cancer is greater than 80%, the presence of nodal metastases reduces 
survival by one-half. Patients with more than four lymph nodes involved (N2 disease) 
have a poor prognosis, with fewer than 30% surviving 5 yr following surgery alone. In 
response, a number of combinations of chemotherapy and immunotherapy strategies 
have been investigated. The National Surgical Adjuvant Breast and Bowel Project 
(NSABP) C-01 trial was the first to suggest an impact on overall survival (67% vs 58%, 
p = 0.05) with adjuvant semustine (methyl-CCNU), vincristine (Oncovin®), and 
5-fluorouracil (MOF) compared with observation (6). Landmark studies evaluating 
5-fluorouracil (5-FU) with the immunomodulator levamisole showed a 40% reduction 
in disease recurrence and 33% reduction in mortality for node-positive patients (7,8). 
Five-year survival in Intergroup study 0035 was improved from 54% without treatment 
to 65% with 5-FU and levamisole (8). Early findings from more recent trials also 
support adjuvant 5-FU and leucovorin as a briefer and perhaps superior alternative 
option (9-11). 

Whereas the value of adjuvant chemotherapy has been well demonstrated in patients 
with stage C colon carcinoma, adjuvant chemotherapy for transmural but node-negative 
(stage B2) disease remains controversial. Randomized trials of adjuvant chemotherapy 
failed to reveal a survival advantage for patients with node-negative disease (12). 
To overcome the low statistical power to detect a difference in outcome in stage B2 
patients, investigators from two study groups have presented results from pooled data 
with conflicting conclusions (/3,/4). Observation remains a reasonable management 
strategy for stage II patients; however, patients with tumors exhibiting adverse features 
such as lymphovascular invasion or bowel perforation may be considered for treatment. 
The current Intergroup trial randomizes high-risk stage II patients to monoclonal anti- 
body 17-1A (edrecolomab) vs no treatment. 


3.2. Radiation Therapy 


Stage for stage, local recurrences occur less frequently for patients following resection 
of colon cancer vs rectal cancer. However, there are subsets of patients who appear to be 
at significant risk for local relapse, based on extent of bowel penetration and location of 
disease. A comprehensive retrospective review from the Massachusetts General Hospital 
compared patterns of failure in patients receiving postoperative radiation therapy to a 
historical cohort of 395 patients undergoing surgery alone (/5). After surgery alone, 
approximately one-third of patients with stage B3 or C2 disease, and one-half of patients 
with stage C3 disease, bowel perforation, or fistula formation experienced local-regional 
recurrence. Two hundred three patients received 50.4—55 Gy of radiation using shrink- 
ing-field technique to the tumor bed, and 63 patients also received some form of bolus 
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5-FU. Local control and 5-yr disease-free survival were significantly improved in 
patients with stage B3 or C3 disease, and those with perforation or fistulization. Acute 
and long-term grade 3+ bowel toxicity was 8% and 4.5%, respectively. 

Based on promising retrospective data, an Intergroup trial comparing adjuvant che- 
motherapy alone versus chemotherapy and local irradiation was initiated for patients 
with stage B3, selected C2, and C3 disease, but was closed early because of slow 
accrual. Analysis of the 189 eligible patients showed no difference in the rates of 
recurrence or death with the addition of radiation therapy (/6). Because of the under- 
powered nature of this study, definitive conclusions regarding the efficacy of this 
treatment cannot be achieved. Other trials of regional or whole abdominal irradiation 
with systemic or intraperitoneal chemotherapy have been largely disappointing. A 
pilot study conducted by the Southwest Oncology Group subjected 41 patients with 
locally advanced colon cancer to whole abdominal irradiation (30 Gy), 16 Gy local 
tumor boost, and continuous-infusion 5-FU (/7). A post-hoc comparison to a separate 
adjuvant trial without radiation therapy suggested favorable disease-free and overall 
survival for those with more than four nodes involved. In the absence of more compel- 
ling evidence, the use of adjuvant radiation therapy in completely resected high-risk 
colon cancer patients remains investigational. 

Patients with locally advanced colon cancer and suspected microscopic or gross 
residual disease after surgery pose a difficult management problem. Postoperative radia- 
tion therapy in addition to standard chemotherapy may have some utility in sterilizing 
residual disease. In retrospective studies, local radiation therapy with or without concur- 
rent chemotherapy achieves local control in 46-70% of patients with microscopic residual 
(15,18,19), and 20-45% of patients with gross residual disease (18,19). Intraoperative 
electron radiotherapy has been advocated particularly in the setting of microscopic or 
gross residual disease. 


4, ADJUVANT THERAPY OF RECTAL CARCINOMA 


Standard treatment for patients with clinically operable carcinoma of the rectum 
involves surgical resection and selective administration of adjuvant therapy. Conven- 
tional operative procedures are a low anterior resection with or without coloanal 
anastamosis for tumors of the proximal two-thirds of the rectum and abdominoperineal 
resection (APR) for more distal tumors. As in colon carcinoma, adjuvant therapy for 
rectal cancer is designed to decrease the risk of local and distant recurrence, and ulti- 
mately improve survival. Because of the high risk of pelvic failure following surgery 
alone in patients with advanced primaries or node-positive disease, radiation therapy has 
proven an integral component of an adjuvant therapy program. Combined-modality 
therapy with pelvic irradiation and 5-FU-based chemotherapy maximizes disease-free 
and overall survival in high-risk patients. Adjuvant therapy is most commonly delivered 
postoperatively, thus allowing accurate pathologic evaluation of the surgical specimen. 
The desire to improve treatment efficacy while maintaining quality of life has led to the 
emergence of newer chemotherapy regimens and schedules, less radical surgery, and 
motivation for preoperative therapy. 

Previous reviews of surgery alone for rectal cancer have demonstrated a stage-depen- 
dent risk of local failure. This risk is approx 15-30% for T3N0 disease, 35-50% for T3N1 
disease, and even greater for T4 disease (20,21). Retrospective studies of adjuvant pelvic 
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radiation therapy demonstrate an absolute reduction of 15—30% in local recurrence com- 
pared with historical controls. At the Massachusetts General Hospital, postoperative 
radiation therapy using doses of 45-50.4 Gy was administered to 165 patients felt to be 
at high risk for local failure (22). Compared with historical controls, adjuvant radiation 
reduced local failure from 31% in stage B2/B3 disease to 8%, and from 50% in stage C 
disease to 25%. In addition, overall survival without evidence of disease was improved 
in most patients, with the exception of those with stage C3 disease whose outlook remained 
poor. Only 8% of patients in this series received chemotherapy, which subsequent ran- 
domized trials would prove to be a valuable adjunctive therapy. 


4.1. Postoperative Therapy 


There have been multiple prospective trials evaluating the use of adjuvant radiation 
therapy with or without chemotherapy in both the preoperative and postoperative setting. 
The clinical trials in the United States have randomized patients following surgery to 
allow pathologic staging and risk assessment. Early trials conducted by the Gastrointes- 
tinal Tumor Study Group (GITSG) and NSABP compared surgery alone vs surgery 
followed by pelvic irradiation or 5-FU-based chemotherapy in patients with stage B2 or 
C disease (23,24). In addition, the GITSG 7175 study included a fourth arm, which 
contained both radiation and chemotherapy. Local recurrence was approx 25% with only 
surgery, but not affected by chemotherapy alone. Local recurrence was reduced by radia- 
tion therapy (16-20% vs 25%), and overall survival was increased by 10-15% with the 
addition of chemotherapy. Interestingly, the benefit of chemotherapy in the NSABP 
R-01 trial appeared to be limited to males (24). The use of combined modality adjuvant 
therapy, as in the GITSG trial, had the greatest impact on reducing local recurrence (11%) 
and improving overall survival (56% vs 42%) (23). Although this trial had several limi- 
tations due to its relatively small patient numbers and poor compliance, these results have 
been confirmed in later studies. In 1990, the National Institutes of Health issued a clinical 
announcement recommending adjuvant 5-FU-based chemotherapy and radiation therapy 
for patients with stage B2, B3, and C rectal cancer (25). 

Subsequent trials have been designed to define the optimal chemotherapy regimen and 
to better assess the need for combined modality therapy. The North Central Cancer 
Treatment Group (NCCTG) conducted a trial comparing radiation therapy alone (50 Gy) 
vs radiation and 5-FU with semustine (methyl-CCNU) (26). The addition of chemo- 
therapy enhanced local control (87% vs 75%) and overall survival (53% vs 43%) com- 
pared with radiation alone. The chemotherapy regimens in the early adjuvant therapy 
trials incorporated several months of semustine with 5-FU. A follow-up GITSG study 
randomized patients to radiation therapy and 5-FU followed by additional chemo- 
therapy with or without semustine, and found no advantage to the addition of semustine 
(27). Asecond NCCTG study compared two schedules of 5-FU with or without semustine, 
and confirmed the lack of benefit of semustine (28). Similarly, the three-drug regimen of 
semustine, vincristine, and 5-fluorouracil (MOF) was found to be no more effective than 
5-FU in males enrolled on the NSABP R-02 trial (29). 

Based on the successful experience in colon carcinoma, the most recent Intergroup 
trial (NT-0114) explored the role of biomodulation of 5-FU in rectal cancer. This four- 
arm trial randomized patients to pelvic irradiation and 6 mo of bolus 5-FU vs bolus 5-FU 
and levamisole, leucovorin, or both (30). There was no significant difference in disease- 
free survival and overall survival (78-80%) among the four treatment arms in a prelimi- 
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Table 2 
Survival in Adjuvant Therapy Trials Using Chemotherapy 


r a 
Survival 


Surgery Surgery + CT 





+ RT + RT Follow up 

Study Chemotherapy” (%) (%) (yr) 
NSABP R-O1 (24) MOF 42 53 3 
GITSG 7175 (23) Bolus 5-FU 32—45 48-57 8 
NCCTG 79-47-51 (26) Bolus 5-FU + semustine 38 53 7 
GITSG 7180 (27) Bolus 5-FU + semustine — 66-75 3 
NCCTG 86-47-51 (28) Bolus 5-FU — 60 4 

Infusional 5-FU —- 70 4 
NSABP R-02 (29) Bolus 5-FU or MOF —- 62—65 3 
INT 0114 (30) Bolus 5-FU + LCV + LVM — 78-80 3 


“RT = radiation therapy, CT = chemotherapy. 
MOF = semustine, vincristine, 5-fluorouracil; LCV = leucovorin; LVM = levamisole. 


nary analysis, and toxicity was greatest with the three-drug regimen. Disease-free sur- 
vival was 68% with 5-FU and leucovorin compared with 62-63% with other regimens, 
although this difference was not statistically significant. The potential benefit of leuco- 
vorin will require further follow-up. 

Optimizing the combination of 5-FU and radiation therapy remains under active inves- 
tigation. Typically, a radiation dose of 50.4 (range 45-54) Gy is delivered concurrently 
with 5-FU after surgery, or sandwiched between several cycles of systemic chemo- 
therapy. Trials have continued systemic chemotherapy for 6-18 mo, although in current 
practice, this is generally limited to a total of 6 mo. During radiation therapy, 5-FU has 
traditionally been given as a bolus dose of 500 mg/m? for 3 d during the first and last 
weeks of treatment. The NCCTG initiated a multicenter trial comparing bolus 5-FU 
(+/— semustine) versus protracted venous infusion (PVI) 5-FU (225 mg/m?/d) during the 
entire radiation therapy portion of treatment (28). In this trial, there was a 10% increase 
in overall survival (70% vs 60%, p = 0.04) and decrease in distant metastases, suggesting 
a greater impact on systemic micrometastases. Table 2 summarizes survival outcomes 
from prospective trials incorporating chemotherapy in the adjuvant regimen. 

Protracted venous infusion (PVI) of 5-FU modifies the toxicity profile, delivers a 
higher cumulative dose of drug, and maintains sensitization for each radiation frac- 
tion. Compared with bolus 5-FU, PVI 5-FU was associated with greater grade 3 
diarrhea but less myelosuppression. Although not directly compared, the outcome 
with 5-FU and leucovorin from INT-0114 was felt to be similar to that achieved with 
PVI5-FU. The preliminary results of a trial from the UK suggested superior relapse- 
free and overall survival with PVI 5-FU (300 mg/m?/d) compared with 5-FU and 
leucovorin, as well as less toxicity among the 216 patients with rectal cancer (31). 
However, only a minority of patients in this UK trial received radiation therapy. The 
current Intergroup (INT-0144) randomizes patients to a regimen using PVI 5-FU 
during the radiation therapy portion only, aregimen using PVI5-FU during the entire 
6 mo of adjuvant therapy, and a regimen using modulated bolus 5-FU with leucovorin 
and levamisole. All arms utilize pelvic irradiation beginning at wk 8. This trial will 
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Table 3 
Local Recurrence Following Surgery Alone or Surgery and Adjuvant Therapy“ 


Surgery (+ CT) Surgery+RT Surgery + RT+ CT Follow up 


Study (%) (%) (%) (yr) 
GITSG 7175 (23) 24-27 20 11 8 
NSABP R-01 (24) 21-25 16 — 5 
NCCTG 79-47-51 (26) — 25 14 5 
NCCTG 86-47-51 (28) — — 9-11 4 
INT 0114 (30) — — 9-13 3 
NSABP R-02 (29) 13 — 8 5 


“CT = chemotherapy, RT = radiation therapy. 


hopefully answer important questions regarding the utility of PVI 5-FU relative to 
modulated bolus 5-FU. 

The improvement in local control with adjuvant radiation therapy demonstrated in 
randomized trials does not reach the magnitude seen in retrospective studies. In the 
postoperative setting, trials have shown a moderate but statistically significant reduction 
in local failure when comparing radiation to no-radiation arms, but no impact on overall 
survival (Table 3). In the absence of chemotherapy, pelvic irradiation reduced local 
failure from 25% to 16% in the first NSABP R-01 trial (24). In the NSABP R-02 study, 
all patients received some form of 5-FU-based chemotherapy (MOF was available for 
males), and patients were randomized to pelvic radiation or no radiation. Approximately 
75% of patients had transmural primary lesions, although an exact T-stage breakdown 
was not provided. Local failure was reduced from only 13% to 8% with radiation therapy 
(29). Overall, severe or life-threatening toxicity was equivalent between the two treat- 
ment arms, but four (1.2%) on-treatment deaths occurred in the patients receiving radia- 
tion therapy. Retrospective studies suggest a detrimental effect of postoperative radiation 
therapy on sphincter function, particularly following coloanal anastamosis (32); how- 
ever, this important endpoint has not been assessed prospectively in a major trial. Clearly, 
the potential toxicity from radiation therapy needs to be weighed against the increased 
risk of locoregional recurrence without radiation and its associated morbidity. 

Total mesorectal excision (TME) involves sharp resection around the integral hindgut, 
which envelopes the mid-rectum, as opposed to conventional blunt dissection. Propo- 
nents report low rates of local failures after TME and advocate widespread adoption of 
this procedure (33). A series from Memorial Sloan-Kettering reported a 7.3% pelvic 
recurrence rate in 246 patients with Dukes’ B and C disease (34). In an updated analysis 
of the Basingstoke experience, the 5-yr local failure rate in 405 patients was 3%, with less 
than 10% of patients receiving radiation therapy (35). Of note, these figures include 
102 patients with Dukes’ A disease and 167 with Dukes’ B disease (T stage not stated), 
and excludes 108 patients with “non-curative” resections. Although impressive, these 
results should be interpreted with caution as many series are comprised of carefully 
selected patients and the risks of surgical complications, including anastomotic leaks, 
may be increased. 

Whether the use of TME obviates the need for adjuvant radiation therapy is a topic of 
intense debate. It should be noted that a substantial proportion of patients undergoing 
TME may have received adjuvant radiation therapy and/or chemotherapy (36). In a 
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Table 4 
Accepted Adjuvant Therapy Regimens for High-Risk Rectal Cancer Patients 
Systemic chemotherapy Chemotherapy with radiation Ref. 
Bolus 5-FU 500 mg/m? x5d Bolus 5-FU 500 mg/m? x3d GITSG (27) 
every 4 wk for 6 cycles during wk 1 and 5 
Bolus 5-FU 425 mg/m? Bolus 5-FU 400 mg/m? INT-0114 (30) 
and leucovorin 20 mg/m? x5d and leucovorin 20 mg/m? x3d 
every 4 wk; 2 cycles administered during wk 1 and 5 
before and after chemoradiation 
Bolus 5-FU 500 mg/m? Bolus 5-FU 500 mg/m? x3d NSABP (29) 
and leucovorin 500 mg/m during wk 1 and 5 


weekly x 6 followed 
by 2 rest weeks; total of 4 cycles 
Additional bolus 5-FU as above Infusional 5-FU 225 mg/m?/d NCCTG (28) 
during entire course of irradiation 


prospective Dutch trial, patients are randomized to upfront TME or an intensive course 
of preoperative radiotherapy followed by TME (37). Although all patients were felt to 
have clinically resectable disease (T4 tumors were excluded), approx 23% of patients had 
either microscopically-involved margins, tumor spillage, or gross residual disease fol- 
lowing TME. Postoperative adjuvant therapy was permitted in these patients, suggesting 
a limit to local tumor control achieved by TME alone in patients who traditionally received 
adjuvant radiation therapy. 

Although several issues remain unresolved, patients with T3 or T4 primary disease or 
nodal metastases should be considered for adjuvant 5-FU-based chemotherapy and radia- 
tion therapy following surgical resection of rectal carcinoma. 5-FU is effective in reduc- 
ing the development of metastatic disease and augments the effect of radiotherapy on 
pelvic control. Outside of a clinical trial, acceptable chemotherapy regimens consist of 
several cycles of bolus 5-FU, usually with leuocovorin (Table 4). Most patients should 
be eligible to receive pelvic irradiation concurrently with bolus 5-FU, beginning either 
after surgery or after two cycles of systemic chemotherapy. Alternatively, 5-FU can be 
given as a continuous infusion during irradiation. While adjuvant radiation therapy 
maximizes pelvic control, there may be certain subgroups of patients for whom such 
treatment is unnecessary. It is possible that chemotherapy alone may be adequate for 
certain patients, such as those with microscopic transmural extension (stage B2m) or 
intramural disease with minimal nodal spread (stage C1) (38,39). Further investigation 
will be essential to confirm the results from the NSABP R-02 study and to properly 
identify such patients. 


4.2. Preoperative Therapy 


Although most trials in the United States have evaluated adjuvant chemoradiation in 
the postoperative setting, there has been growing interest in the use of preoperative 
treatment. Preoperative chemotherapy and radiation therapy offers the advantages of 
downstaging of disease, increasing the possibility for sphincter preservation, and limiting 
the volume of small bowel exposed to radiation. Patients with locally advanced tumors 
that are marginally resectable or unresectable at presentation may be rendered operable 
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Table 5 
Advantages and Disadvantages of Preoperative vs Postoperative Radiation Therapy 
Preoperative therapy Postoperative therapy 
Advantages 
Downstage; increase resectability Selection of patients based on pathology 
Better oxygenation Identify high-risk areas or residual disease 


Increased chance for sphincter preservation 
Sterilization from surgical seeding 
In vivo assessment of response to treatment 


Disadvantages 
Overtreatment of early stage patients Treatment of perineum following APR 
Delay in definitive surgical resection More small bowel in field 


Wound healing complications 


by preoperative chemoradiation. Furthermore, preoperative radiation may allow asphinc- 
ter-sparing procedure in patients with low-lying rectal carcinomas who would have 
otherwise required APR. 

Patients with clinically resectable disease may electively receive surgical adjuvant 
therapy preoperatively. Pelvic irradiation prior to surgery appears to reduce small 
bowel complications by avoiding abdominal adhesions and fixation of bowel within 
the field. The disadvantages of a preoperative adjuvant approach include the loss of 
information on pathologic staging, possibility of unnecessary treatment of early stage 
(T1-2N0) disease, and increase in surgical and wound healing complications. These con- 
cerns have been addressed with attention to radiation dose fractionation and the use of 
modern pretreatment imaging techniques that can predict pathological staging with 
reasonable accuracy. The accuracy of endoscopic ultrasound (EUS) to stage primary 
tumor ranges from 70% to 90% when compared to pathologic T stage. Cross-sectional 
imaging such as computed tomography and magnetic resonance with endorectal coil 
provide wide pelvic views and may be less operator-dependent than EUS. The advan- 
tages and disadvantages of either preoperative or postoperative treatment are summa- 
rized in Table 5. 

Numerous early trials of preoperative treatment randomized patients to upfront sur- 
gery or radiation therapy alone followed by surgery. Many of these trials utilized low 
radiation doses or an accelerated course with large fraction sizes and suboptimal tech- 
nique. These studies usually have demonstrated a reduction in local failure without 
improvement in survival. Recently, the Swedish Rectal Cancer Trial showed an improve- 
ment in overall 5-yr survival (58% vs 48%) with preoperative radiotherapy (40). In this 
trial, pelvic irradiation (25 Gy in 5 fractions) was administered followed by a brief 
interval to surgery. The Dutch trial randomized patients to a similar intensive course of 
radiation followed by TME vs TME alone (37). Although there was no difference in 
overall survival (82% at 2 yr), local failure was reduced from 8% to 2% with preoperative 
radiation. In stage III patients, the reduction in local failure was more substantial (4% vs 
15%). A meta-analysis of preoperative radiation therapy trials concluded a significant 
reduction in mortality, with an odds ratio of 0.84 (p = 0.03) (41). Despite these favorable 
results, preoperative regimens using unconventional radiation schedules without chemo- 
therapy are usually not practiced in the United States. 
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Patients who are treated preoperatively typically receive a regimen of standard chemo- 
therapy and radiation therapy similar to that administered in postoperative trials. Given 
the varying clinical inclusion criteria, the results of nonrandomized or retrospective 
preoperative therapy studies are difficult to compare to expected results from trials 
employing postoperative adjuvant therapy, which are based on pathologic staging. Other 
endpoints can be assessed to evaluate the efficacy of preoperative chemoradiation regi- 
mens. The extent of clinical, radiographic, or pathologic downstaging and conversion to 
resectability can be measured in patients with locally advanced or unresectable disease 
at presentation. For patients who have resectable but distal tumors and are at risk of 
requiring an APR, the ability to perform a sphincter-sparing procedure after preoperative 
chemoradiation is a desirable goal. 

Locally advanced, unresectable (fixed), or recurrent rectal carcinoma can be signifi- 
cantly downstaged by combined modality therapy prior to attempted resection of disease. 
Trials of preoperative radiation therapy alone demonstrate a trend toward lesser stage 
disease (40) and a complete pathologic response rate usually less than 10%. With the 
addition of concurrent chemotherapy, response rates are higher and the majority of 
patients can be curatively resected. A variety of 5-FU-based regimens have been used, 
although most combinations include bolus 5-FU (325-500 mg/m?) with or without leu- 
covorin (20 mg/m?) for 3—5 d during the first and last weeks of radiation (42,43). Other 
investigators have incorporated continuous infusion 5-FU (44,45), low-dose cisplatin 
(46), or mitomycin (47). 

Janjan et al. reported the M.D. Anderson experience with continuous-infusion 5-FU 
(300 mg/m?/d, M-F) during radiation therapy in predominantly clinically stage T3 dis- 
ease (48) Perioperative complications (fistula, abscess, wound healing) following 
chemoradiation occurred in 14% of patients, and only one required reoperation. Clinical 
tumor downstaging was observed in 61% of patients, and 27% had documented complete 
response. The variation in complete response in other single-institution studies probably 
reflects the differences in patient selection and definition of “locally advanced” (Table 
6). As expected, better pathologic response is associated with improved disease-free and 
overall survival. One of the major research goals over the next several years will be the 
identification of patients with rectal cancers that will exhibit complete response to pre- 
operative chemoradiation strategies. 

Preoperative combined modality therapy can induce sufficient shrinkage of distal 
rectal cancers to allow sphincter-sparing procedures in those who were originally felt to 
require APR. The determination to sacrifice the sphincter is often made definitively in the 
operating room; however, clinical estimation correlates reasonably well with intraopera- 
tive assessment and serves as a useful benchmark to evaluate preoperative therapy. 
Minsky has recently reviewed a number of trials that studied preoperative radiation 
therapy with and without chemotherapy following prospective clinical assessment of the 
need for APR (49). A trial of preoperative bolus 5-FU (325 mg/m’) and leucovorin 
(20 mg/m?) for 5 d during wk 1 and 5 of pelvic radiation therapy (50.4 Gy) was recently 
updated with 72 patients enrolled. All patients had T3 lesions based on endoscopic 
ultrasound. Thirty-five patients were judged to require APR based on anatomic location 
and treated with the goal of sphincter-preservation (others were felt to require APR 
regardless of degree of downstaging). Sphincter-sparing surgery was performed in 31 
(89%) patients, and 3-yr local failure for the entire cohort was only 2%. Other preopera- 
tive regimens have produced sphincter-preservation rates of 63-77% (Table 7). 
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Table 6 
Resectability, Pathologic Response Rates, and Survival Following Preoperative Chemoradiation Therapy Regimens 


Study Patients Preoperative regimen? Resectable Complete response Survival 

MDACC (48) 117 (96% T3) Infusional 5-FU (300 mg/m?/d) 100% 32 (27%) 83% (3-yr) 
RT 45 Gy 

MSKCC (42) 36 (10 fixed) Bolus 5-FU + LCV 97% 4 (11%) 76% (4-yr) 
RT 50.4 Gy 

U. Kentucky (45) 77 5-FU (bolus or infusional) 100% 12 (16%) 76% (5-yr) 
RT 50-63 Gy 

Duke (46) 43 Bolus 5-FU + cisplatin 41 (95%) 11 (27%) 91% (crude) 
RT 45 Gy 

Calgary (47) 156 RT 40 Gy + 5-FU/MMC 91-100% 4-15% 52% (5-yr) 
RT 50 Gy + 5-FU/MMC/LCV 100% 25% 84% (5-yr) 

EORTC (43) 66 Bolus 5-FU + LCV 58 (88%) 9 (16%) 60% (5-yr) 
RT 45 Gy 


15-FU = 5-fluorouracil, RT = radiation therapy, LCV = leucovorin, MMC = mitomycin C. 


C87 


Table 7 
Prospective Trials of Preoperative Radiation Therapy With and Without Chemotherapy and Rate of Sphincter-Sparing Procedures 





MSKCC (51) MSKCC (42) NSABP R-03 (50) Rome (52) 
Patients enrolled 36 72 59 83 
Pretreatment stage 5 T2, 31 T3 T3 Stage B or C 98% T3 
Preoperative treatment? RT 50.4 Gy 5-FU/LCV + RT 50.4 Gy 5-FU/LCV then RT + 5-FU/LCV 5-FU/MMC + RT 37.8 Gy 
Patients felt to require APR 36 35 22 (69% of 32) 47 
Patients undergoing complete resection 35 NR 32 81 
Patients who actually underwent APR 8 (23%) of 35 4 (11%) of 35 16 (73%) of 22 16 (34%) of 47 
Local failure (%) 17% 1% NR 10% 
Survival (%, 5-yr) 64% 88% NR 712% 


“RT = radiation therapy, 5-FU = 5-fluorouracil, LCV = leucovorin. 
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Preoperative therapy is well tolerated in the majority of patients. Grade 3 or higher 
toxicity during chemoradiation occurs in 13-28% of patients (49,52). Nearly half of 
49 patients experienced grade 3—4 toxicity during the course of therapy in the NSABP 
R-03 trial, although in this protocol patients received two cycles of 5-FU and leucovorin 
prior to commencing combined modality therapy (50). Functional results following pre- 
operative therapy and sphincter-sparing procedures appear acceptable in 80% or more of 
patients in studies assessing this endpoint. 

Cooperative study groups have recognized the need for a randomized trial comparing 
preoperative chemoradiation with postoperative treatment. Two trials of similar design 
but slightly different chemoradiation schedules opened in the United States by the Inter- 
group (INT-0147) and the NSABP (R-03). Both trials required pretreatment clinical and 
radiographic staging and utilized concurrent chemotherapy and conventional radiation 
therapy. Because of formidable physician biases, both trials failed to enroll sufficient 
patients and were closely prematurely well short of accrual goals. A German trial ran- 
domizes patients after staging by endoscopic ultrasound to preoperative or postoperative 
radiation concurrent with 5-FU (1 gm/m?/24 h x 120 h, wk 1 and 5) followed by main- 
tenance 5-FU. An interim analysis of toxicity reported less grade 3+ diarrhea with pre- 
operative chemoradiation, and no difference in postsurgical complications (53). 
Hopefully, this study will provide important answers regarding tumor control, sphincter 
preservation, and survival between these two approaches. 

In the absence of definitive data demonstrating a superiority of preoperative vs post- 
operative treatment for clinically resectable rectal carcinoma, preoperative adjuvant 
therapy is areasonable alternative for patients judged to have transmural disease or nodal 
involvement by clinical or radiologic evaluation. For patients with distal rectal carcino- 
mas, preoperative chemoradiation may be preferable in order to allow tumor downstaging 
and permit a sphincter-sparing operation. In this situation, a radiation dose of 45—50.4 Gy 
using conventional fractionation, concurrent 5-FU-based chemotherapy, and an interval 
to surgery of at least 4 wk appears to be most effective (54). Following surgery, patients 
with persistent transmural or node-positive disease should receive additional cycles of 
systemic chemotherapy. Postoperative chemotherapy in those who have experienced 
significant downstaging to pT0-2NO disease remains an open question, and is being 
addressed by ongoing European trials. Since standard adjuvant therapy consists of 6 mo 
of chemotherapy, most patients with high-risk features before surgery are offered chemo- 
therapy postoperatively. 


4.3. Local Excision and Adjuvant Therapy 


Traditional surgical management of distal rectal carcinoma has been the abdomino- 
perineal resection. This procedure results in loss of sphincter function with a permanent 
colostomy and is associated with a high incidence of genitourinary as well as sexual 
dysfunction. Alternative conservative surgical and nonsurgical approaches have been 
developed to obtain local tumor control without sacrificing anal sphincter function. Single- 
institution experiences with electrocoagulation (55), endoluminal radiation therapy alone 
(56), or local excision with or without adjuvant therapy (57,58) demonstrate certain patients 
with early-stage disease may be adequately managed with these techniques. 

Wide local excision and selective postoperative therapy have been used in patients 
with early-stage distal carcinomas. Retrospective studies have identified patients with 
tumors less than 3 cm in size, limited to the superficial muscularis propria, and favorable 
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Table 8 
Selected Prospective and Retrospective Studies of Wide Local Fxcision and Adjuvant Therapy 


Study Patients Adjuvant therapy “ Local failure 
CALGB (59) 59 T1 None 3 (5%) 

51 T2 RT 54 Gy + 5-FU 7 (14%) 
Deaconess (57) 48 (21 T1, 21 T2, 6 T3) RT 54 Gy + 5-FU 4 (8%) 
MDACC (58) 46 (15 T3) RT 53 Gy, 5-FU in 7 pts. 4 (8%) 
MGH (60) 56 (34 T1, 22 T2) RT 50.4—-67.5 Gy + 5-FU 17-20% 
MGH/Emory (6/) 52 None 28% (5-yr) 

47 RT 50-65 Gy; 5-FU in 26 pts. 10% (5-yr) 
MSKCC (62) 39 (T1, T2, T3) RT 50.4 Gy; 5-FU in 20 pts. 8 (21%) 


“RT = radiation therapy, 5-FU = 5-fluorouracil. 
5-yr relapse-free survival. 


Survival 


87% (6-yr) 
85% (6-yr) 
94% (crude) 
93% (3-yr) 
72% 

66%? 

74%” 

70% (5-yr) 
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histologic grade as likely candidates for local excision. Full-thickness excision can be 
achieved by a transanal approach or a posterior transcoccygeal (Kraske procedure) 
approach, which permits better exposure but has greater morbidity. Well-differentiated 
T1 lesions without blood vessel or lymphatic invasion are associated with a low risk of 
nodal involvement and a local failure rate typically less than 10% with adequate margins, 
and may be safely managed without additional treatment. Patients with tumors exhibiting 
adverse pathologic features should receive additional chemoradiation to address the 
significant chance of local-regional recurrence. Patients who are found to have patho- 
logic T3 disease or positive margins should undergo standard operative procedures. 

Only recently have these criteria for local excision been applied in a prospective, 
multi-institutional setting. The Cancer and Leukemia Group B organized a single-arm 
prospective study (CALGB 8984) using standardized criteria for local excision: <4 cm, 
<40% of bowel wall circumference, and <10 cm from dentate line (59). Of 180 registered 
patients, 110 patients with pathologic T1 or T2 lesions with negative margins remained 
on-study; those with T2 lesions underwent adjuvant pelvic irradiation (54 Gy) with 
bolus 5-FU chemotherapy. Local failure occurred in three (5%) patients with T1 lesions, 
and one was successfully salvaged with APR. Among patients with T2 lesions, seven 
(14%) experienced local failure, and four were successfully salvaged. After a median 
follow-up of 48 mo, 6-yr overall and failure-free survival was 85% and 78%, respec- 
tively. This study indicates that, by applying stringent guidelines, local excision and 
adjuvant combined modality therapy can successfully manage most patients with early 
stage distal rectal carcinomas with results similar to those reported in single-institution 
studies (Table 8). 


5. FUTURE TRENDS IN COMBINED MODALITY THERAPY 
FOR COLORECTAL CARCINOMA 


Investigative efforts are underway to further improve the results of multimodality 
therapy of colorectal carcinoma. In addition to previously discussed phase III trials, other 
studies are incorporating novel chemotherapeutic agents to improve systemic control and 
radiosensitization, optimizing physical delivery of radiation, and performing risk strati- 
fication with current molecular and genetic techniques. 


5.1. Novel Chemotherapeutic Agents 


A number of newer chemotherapeutic and biologic agents have shown activity in 
colorectal cancer in the metastatic setting. Clinical trials have been performed using 
irinotecan (CPT-11, Camptosar®) and oxaliplatin as a single-agent or in combination 
with 5-FU. Other studies are investigating the use of oral fluoropyrimidines such as 
capecitabine, uracil-tegafur (UFT)/leucovorin, and S-1, which may mimic the effect of 
continuous-infusion 5-FU. The combination of irinotecan, 5-FU, and leucovorin was 
shown to be a superior first-line agent in metastatic colorectal cancer compared to 5-FU 
and leucovorin alone (63). This three-drug combination is being tested in the adjuvant 
setting for high-risk colon carcinoma in a rapidly accruing CALGB trial. A similar trial 
is being conducted with the three-drug combination of 5-FU, leucovorin, and oxaliplatin 
by the NSABP. 

Trials incorporating these newer agents with radiation therapy for rectal carcinoma 
either preoperatively or adjuvantly are ongoing or under development. The maximum 
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tolerated dose of weekly irinotecan was determined to be 50 mg/m? when added to a 
preoperative regimen of continuous-infusion 5-FU and 45 Gy of pelvic radiation therapy 
for locally advanced rectal cancer (64). Other trials are adding oxaliplatin in novel com- 
binations with 5-FU, leucovorin, and radiation therapy. There is also great interest in 
combining radiation therapy and oral fluoropyridimines, as these prodrugs behave phar- 
macologically similar to protracted-infusion 5-FU without the inconvenience and com- 
plications of long-term central line infusion. Phase I dose-escalation trials have reported 
that capecitabine or UFT/leucovorin concurrent with radiation therapy is well tolerated 
and appears to have promising activity in locally advanced rectal cancer (65—67). Addi- 
tional research will be necessary before any of these combination can be considered 
standard therapy. 


5.2. Chronomodulation 


Continuous-infusion 5-FU and radiation therapy offers a disease-free and survival 
advantage over bolus 5-FU, but diarrhea and stomatitis remain significant treatment- 
limiting toxicities. Rather than a flat infusion of 5-FU, trials are evaluating a circadian- 
shaped infusion of 5-FU with the greatest proportion of dose delivered between 20:00 and 
04:00 h. This chronomodulation of 5-FU appears to incorporate the circadian cycles of 
gut and mucosal cell proliferation and 5-FU pharmacodynamics, and may result in fewer 
toxicities. A phase I study from the University of Florida has shown that chronomodulated 
infusions of 5-FU ata dose of 275 mg/m?/d during pelvic irradiation is well tolerated (68). 
Chronomodulated combination of oxaliplatin, 5-FU, and leucovorin resulted in higher 
response rates and less stomatitis and neuropathy in metastatic colorectal carcinoma (69), 
and may become a viable option for treatment of primary disease. 


5.3. Prognostic and Predictive Factors 
in Outcome and Response to Treatment 


Traditionally, TNM staging and other histopathologic factors have guided prognostic 
predictions and treatment decisions. A number of molecular markers and genetic abnor- 
malities have been described which may have further prognostic significance beyond 
histopathologic staging. Many of these genetic alterations have been implicated in the 
pathogenesis of colon cancer. For example, allelic loss of the DCC (deleted in colon 
cancer) gene on chromosome 18q confers a significantly worse prognosis in colorectal 
cancer patients, particularly in stage B2 disease (4). Assessment of DCC status in stage 
II patients may identify those who may benefit from adjuvant therapy. However, clinical 
trials are necessary to determine whether it is feasible to stratify patients by molecular 
methods, and whether higher risk patients benefit from adjuvant treatment. 

Other molecular and genetic markers may allow clinicians to predict response to 
treatment. Cell proliferation markers as measured by Ki-67 and proliferating-cell nuclear 
antigen staining and mitotic index have been correlated with response to preoperative 
radiation therapy with or without 5-FU for rectal cancer (70,71). Higher proliferative 
activity was associated with increased downstaging with preoperative treatment, and 
following radiation, improved survival. Others have correlated response to preoperative 
irradiation with p21 expression (72) or the presence of microsatellite instability (73). 
Although the ability to identify patients who may respond favorably to preoperative 
chemoradiation is intriguing, further study of these tumor markers is required before 
relying on these for treatment decisions. 
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1. INTRODUCTION 


Transitional cell carcinoma of the bladder is diagnosed in approx 50,000 individuals 
in the United States each year, and accounts for 10,000 deaths annually. A majority of 
patients will present with nonmuscle-invasive disease, be treated adequately with tran- 
surethral resection (TURBT) with or without intravesical chemotherapy or immuno- 
therapy, and will have only a 10-15% risk (higher for higher grades) of developing 
muscle-invasive disease. In contradistinction, the natural history of muscle-invasive 
disease is much more aggressive, with a 5-yr survival of only 50%. 


2. SURGERY FOR MUSCLE-INVASIVE DISEASE 


For decades the standard treatment approach for muscle-invasive disease has been a 
radical cystectomy. This therapy provides excellent local control with relatively few 
pelvic recurrences (/). Aggressive surgical intervention also provides a significant cure 
rate, with an overall 5-yr survival for organ-confined disease of 65%, while those with 
extravesical extension 40% and for those with lymph-node positive disease 15% (1-6). 
Over the past several decades, radical cystectomy has become a much safer procedure, 
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with minor complications occurring in <30% of patients and a perioperative mortality of 
approx 3% (1). 

Much of the patient aversion to this procedure stemmed from the requirement of a 
stomal appliance following an ileal conduit urinary diversion. This has prompted a num- 
ber of approaches to preserve bladder function, including surgical approaches that create 
continent urinary diversions or orthotopic neobladders. Others have attempted to pre- 
serve native bladders by attempting to substitute a combination of chemotherapy and 
radiotherapy for radical cystectomy, and that approach is the focus of this chapter and will 
be discussed at length. However, since the creation of continent urinary diversions is 
rapidly becoming the standard of care, the potential quality-of-life (QOL) improvements 
achieved with bladder-sparing approaches will need to be compared to these new 
approaches to urinary diversion and not to a classic ileal conduit. The QOL of many 
patients has been improved by the use of continent diversions such as the Indiana, Mainz, 
or Kock pouches, which require intermittent catheterization but avoid the need for an 
external appliance. Other patients prefer to avoid an abdominal stoma altogether, and opt 
for the creation of an orthotopic neobladder, which allows the patient to continue to void 
through a native urethra, albeit with some additional effort (via Valsalva) and provides 
excellent functional voiding outcomes, although a minority of patients will continue to 
require intermittent catheterization due to high residual urinary volumes (7-9). 


3. RADIOTHERAPY FOR MUSCLE-INVASIVE DISEASE 


Although cystectomy has remained the preferred modality of treatment for muscle- 
invasive disease in the United States, the use of primary radiotherapy in place of surgery 
gained favor in Europe and the United Kingdom, as it has in many other malignancies. 
Studies have included a broad range of total doses, from 50 to 70 Gy, with higher doses 
apparently associated with improved results (70-16). Overall survival rates for radio- 
therapy alone on the surface appear to be significantly inferior to those obtained with 
cystectomy, with 5-yr survival of approx 35% for patients with clinical T2 and T3 disease 
(12,1719), which fall off to only 25% for clinical T3 disease (70,20,21). These results 
are particularly disappointing given the fact that many patients have had maximal tran- 
surethral resection (and frequently to clinical TO status) prior to initiation of what becomes 
in effect “adjuvant” radiotherapy. However, a number of factors could potentially con- 
found this apparent inferiority: 


1. The results with radiotherapy are necessarily based on clinical staging, as opposed to the 
pathologic staging associated with cystectomy. The error rate of clinical staging may be 
as high as 50%, with approximately two-thirds of those being understaging errors. Thus, 
many patients receiving radiotherapy with clinical T2 disease may in fact have patho- 
logic stage T3b or node-positive disease and get the inferior results that would be expected 
for that pathologic stage. 

2. The group of patients receiving radiotherapy may be enriched for an older patient popu- 
lation or those with a higher number of significant comorbidities, as these patients may 
have been selected for nonsurgical treatment options by their urologist. 

3. Urologists may also have selected other patients to receive radiotherapy, namely, 
those with known poor prognostic factors, including those with hydronephrosis at 
presentation, higher grade tumors, the presence of anemia, and patients with multi- 
focal tumors. 
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Despite these obvious biases against the results of radiotherapy, analysis of the pub- 
lished data does suggest that the results with radiation are somewhat inferior to those 
obtained with surgery, particularly with respect to higher grade and higher T-stage tumors. 
The results appear to be different both in terms of local control as well as 5-yr survival. 
One attempt to overcome this inferiority has been the addition of systemic chemotherapy 
to radiation. 


4, CHEMOTHERAPY IN ADVANCED DISEASE 


Certainly a minimum requirement of the addition of systemic chemotherapy to a local 
therapy such as radiation is that chemotherapy has significant activity in metastatic 
disease, even if that therapy is not associated with either curative potential or significant 
prolongation of survival. Certainly, combination chemotherapy for transitional cell car- 
cinoma is able to achieve this requirement. In the early 1980s, cisplatin and methotrexate 
were felt to be the most active single agents, and a series of cisplatin and methotrexate- 
based regimens were developed. The most common of these was the cisplatin + methotr- 
exate + vinblastine (CMV) regimen developed by the Northern California Oncology 
Group (22), and the same three drugs in combination with doxorubicin (M-VAC), uti- 
lized at Memorial Sloan-Kettering Cancer Center (23). The phase II data with M-VAC 
at Memorial in over 120 patients suggested true clinical synergism with the regimen, with 
a response rate of 72%, a complete response rate of 36% (although only 18% from 
chemotherapy alone), and a median survival of 13 mo (23). However, this proved to be 
a moderately toxic regimen, with significant mucositis, pancytopenia, and neutropenic 
fever as dose-limiting toxicities, as well as a 3% toxic death rate. Over the next several 
years, phase III trials tempered the enthusiasm for M- VAC, with response rates of 40%, 
acomplete response rate of approx 12%, and overall survival of 12 mo (24,25). However, 
in these same trials, M-VAC proved to be superior to both single-agent cisplatin or the 
combination of cisplatin + cyclophosphamide + doxorubicin in terms of response rate and 
even a modest survival advantage. While the empiric addition of G-CSF to M-VAC 
successfully reduced the incidence of neutropenia and severe mucositis (26), attempts to 
increase the response rate and survival of standard-dose M-VAC by escalation of doses 
had mixed results, with most trials demonstrating only increased toxicity without an 
increase in efficacy (27,28), although a recent European trial of dose-dense M-VAC 
suggested some modest improvements in outcome. 

This plateau of results over the past few years stimulated efforts to identify new active 
single agents in this disease (29), with pacitaxel and gemcitabine identified as being the 
most active. Paclitaxel is likely the most active single agent in advanced bladder cancer, 
with a response rate in excess of 40% and a complete response rate of >25% (30). It is 
particularly attractive in patients with bladder cancer (who frequently have significant 
subclinical or clinical renal impairment) since it is not primarily excreted by the kidneys, 
and can be given in full dose even to patients with mild to moderate renal insufficiency. 
The single-agent response rate of gemcitabine in previously untreated patients is 
approx 25%, with minimal nonhematologic toxicity (31,32). Although a number of two- 
drug and three-drug combinations utilizing these agents have been tested, the most com- 
monly used are carboplatin + paclitaxel and gemcitabine + cisplatin. The combination of 
carboplatin + paclitaxel has been extensively tested in the phase II setting, and shows 
significant activity, with an overall response rate of >50%, and a significant number of 
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responses in patients with visceral metastatic disease (33,34). This regimen is currently 
being tested in a phase III trial in patients with advanced disease vs standard-dose 
M-VAC by the Eastern Cooperative Oncology Group. Gemcitabine + cisplatin had 
similar response rates of 50% in phase II trials (35,36), but have demonstrated marked 
myelosuppression and are somewhat less attractive because of the requirement to utilize 
a nephrotoxic drug such as cisplatin. Nevertheless, a phase III trial of gemcitabine + 
cisplatin vs M-VAC has been completed, and showed an identical response rate and 
survival when compared to M-VAC, no differences in QOL assessments, and with less 
neutropenia and neutropenic fever, but more anemia and thrombocytopenia (37). Thus, 
several new regimens have shown equivalent efficacy to older regimens, but with signifi- 
cantly less toxicity. Additional trials attempting to increase the efficacy of these regimens 
are underway. 


5. CHEMOTHERAPY + RADIOTHERAPY 


The inferior results with radiotherapy alone compared to cystectomy in patients with 
muscle-invasive disease have prompted a large number of trials adding systemic chemo- 
therapy to radiotherapy in an attempt to increase local control and eliminate micro- 
metastatic disease frequently present at the time of diagnosis of muscle-invasive disease. 
Itis not easy to directly compare surgical series with trials of bladder-sparing approaches. 
A number of confounding factors can potentially complicate the interpretation of trials 
of chemoradiotherapy, including the effect of the TURBT on the natural history of this 
disease, the errors of clinical staging both before and after chemotherapy/radiotherapy, 
and the endpoints utilized to determine efficacy. 


6. IMPACT OF TURBT 


The first is attempting to estimate the impact of one or more transurethral resections 
in the course of initial diagnosis, restaging, and so on. It has long been known that when 
considering nonsurgical options that an attempt at complete endoscopic resection is 
necessary and the successful completion of this prior to radiation therapy improved 
results (38). It is unclear, however, whether it is the potential to have a complete 
resection or the resection itself that confers the advantage, analogous to the issue of 
primary surgical debulking in ovarian carcinoma. For example, a patient with a larger 
primary lesion, ureteral obstruction, or significant comorbidities may have a biopsy 
alone as opposed to an attempt to render them clinically NED (no evidence of disease) 
with TURBT. However, it may be these other prognostic factors that ultimately deter- 
mine outcome independent of the extent of TURBT. In some series, in a highly selected 
patient population (possibly the same highly selected patients in chemoradiotherapy 
series), TURBT alone provided impressive 5- and 10-yr survival results (39, 40). In one 
of these studies, the 5- and 10-yr disease-specific survivals were 80.5% and 74.5% and 
the bladder-preservation rates for those two intervals were 82.7% and 79.6% (40). It 
might be that this is the appropriate group of control patients when evaluating the 
results of phase II trials of chemoradiotherapy with bladder-sparing intent, since many 
of the patients in those studies were TO prior to the start of therapy. Others have selected 
patients based on the TURBT results to select alternative bladder-sparing approaches, 
suchas partial cystectomy (4/). In fact, as many as 10-15% of patients have no residual 
tumor in the cystectomy specimen (pTO) following an aggressive TURBT (42,43), 
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although there is some debate regarding the independent prognostic significance of 
achieving pTO status (44). 


7. INACCURACY OF CLINICAL STAGING 


As is true for all nonsurgical approaches to therapy, reliance on clinical staging is a 
necessary evil. A generally accepted estimate of the error rate of clinical vs pathologic 
staging is 50%, with approximately two-thirds of that error represented by understaging. 
In one study of 462 bladder tumors felt to be clinically NED, residual tumor was detected 
in 35% of cases (45). At its extreme, many cases of “non-muscle invasive” disease upon 
review have no muscle in the specimen to determine invasiveness. In other cases, if that 
residual tumor is in the base of the resection and, consequently, the depth of invasion has 
been underestimated, the outcome with subsequent therapy will be inferior and related 
directly to the actual T-stage as opposed to the recognized T-stage. In short, one man’s 
T2 is another man’s T3b, based on the aggressiveness and completeness of the TURBT. 

Ifsuch understaging impacts on the selection of patients for bladder-sparing approaches 
(either on or off protocol), the problem is magnified when clinical restaging is performed 
following either chemotherapy or radiation therapy or both. The general schema for such 
an approach involves, after initial TURBT, several cycles of chemotherapy and radiation 
therapy prior to restaging with a repeat TURBT. Based on the findings at this restaging, 
a decision is made whether the patient proceeds to cystectomy (if persistent disease is 
detected), or consolidative chemoradiotherapy if the patient is a “clinical complete 
responder.” Thus unrecognized persistent disease places the patient at an increased risk 
for local recurrence. The accuracy of postchemotherapy clinical staging has been evalu- 
ated in a group of patients at Memorial Sloan-Kettering Cancer Center who underwent 
primary chemotherapy followed by cystectomy (46). In a group of 51 patients, the pre- 
dictive accuracy of postchemotherapy TURBT was only 82% (42/51), with the other 18% 
(9/51) incorrectly staged (7 understaged and 2 overstaged). Overall, clinical understaging 
for muscle-invasive disease is in the range of 30-40%. Pooled data have shown that in 
patients felt to have no residual tumor (TO) or only residual carcinoma-in-situ (Tis), 32% 
in fact have residual muscle-invasive disease at the time of subsequent cystectomy (46). 
Presumably a similar percentage of patients getting consolidative chemoradiotherapy in 
place of cystectomy also have residual muscle-invasive disease. In a similar group of 
patients (with TO or Tis disease) who chose not to undergo cystectomy and who were 
followed clinically, 22% subsequently developed metastatic disease (46). In terms of 
survival, the largest neoadjuvant trial published to date showed that patients undergoing 
chemotherapy prior to cystectomy had a 20% higher incidence of achieving TO status 
(12% vs 32%), but this only translated to a survival benefit of 6% (43). It certainly seems 
likely that actual volumetric tumor reductions with chemotherapy and radiation therapy 
might serve only to make it more difficult for the pathologist to detect residual disease 
of any kind, much less muscle-invasive persistent disease. Although it may seem to the 
casual observer that the predictive accuracy of TURBT under these circumstances is 
reasonably good at 82%, in fact the error rate is many times greater than the actual 
differences that have been observed in neoadjuvant trials. 

Trials combining chemotherapy and radiation therapy have followed three basic 
models, including the use of single agents given simultaneously with radiotherapy and 
functioning as radiopotentiating agents, the use of several cycles of combination chemo- 
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therapy prior to radiation therapy (neoadjuvant chemotherapy), or both. Some trials have 
utilized these strategies prior to a planned definitive surgical approach, while more recent 
efforts have focused on the possibility of this strategy to replace cystectomy and spare the 
native bladder. 

Early phase II trials evaluating the potential benefit of adding a single chemotherapeu- 
tic drug with reported radiosensitizing properties focused on 5-fluorouracil (5-FU) and 
cisplatin. Because of the perceived toxicity of cisplatin, trials with 5-FU were initiated 
first, and the results of this combination suggested an increased rate of downstaging, 
although there also appeared to be an increase in the incidence of the radiation-induced 
injury to both bladder and rectum (47,48). Cisplatin appeared to be a more logical choice 
for combination with radiation, given its higher single-agent response rate in metastatic 
bladder cancer, as well as some preclinical evidence suggesting enhancement of 
radiotherapy’s effect (49,50). 

Phase II clinical studies combining single-agent cisplatin and full-dose radiotherapy 
varied tremendously in the patient populations treated, including muscle-invasive dis- 
ease alone, patients with locally advanced disease, as well as N1 and N2 disease (57—58). 
Therefore it is difficult to combine results and have definitive conclusions. However, this 
approach appeared to be feasible, provided reasonable local control rates, and 4-yr sur- 
vival for all patients in the 40% range, and for complete responders 50%, which appeared 
to be superior to radiotherapy alone. Despite some initial promising results utilizing both 
cisplatin and 5-FU (59), subsequent trials failed to show any obvious advantage to this 
approach. 

Despite some apparent improvement over radiotherapy alone with these approaches, 
the majority of patients continued to succumb to metastatic disease despite adequate local 
control. This prompted studies that included several cycles of full-dose chemotherapy in 
addition to radiation +/- a radiosensitizing agent. Based on the predominance of cisplatin- 
based regimens at the time that the majority of these trials were designed, most studies 
utilized either CMV or M-VAC. Summarizing the results of these trials (60-64), signifi- 
cant response rates (40-50%) were noted after chemotherapy alone, local invasive recur- 
rences began to appear (vs new primary lesions) (65), and some patients survived 5-yr 
NED with their bladders intact. However, an important observation was the appearance 
of distant metastases without locoregional recurrence and subsequent death from meta- 
static disease. A multivariate analysis of prognostic factors has shown that low T-stage 
and the absence of CIS predicted for obtaining complete response, and tumor size and 
response to chemoradiotherapy were significantly predictive of distant metastatic 
disease (66). 


8. THE MGH EXPERIENCE 


In 1993, investigators at the Massachusetts General Hospital (MGH) published the 
results of an institutional study, which became the model for several subsequent trials 
(67). In this first report, 53 patients (T2-4, NXMO) underwent maximal TURBT, fol- 
lowed by two cycles of CMV, then 4000 cGy + two cycles of single-agent cisplatin. 
Patients then underwent endoscopic reevaluation and those who had an incomplete 
response to therapy and who were surgical candidates underwent cystectomy, whereas 
complete responders were consolidated with an additional 2480 cGy and one additional 
cycle of cisplatin. Following 11 dropouts, 42 patients completed therapy and there was 
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no chemotherapy-related mortality. Radical cystectomy was required in 15 patients, 
including 4 who were intolerant of therapy, 8 who had incomplete responses to therapy, 
and 3 who had a salvage cystectomy. At 48 mo of follow-up, 28 patients (53%) were alive 
and 24 (42%) were NED. However, with this “bladder-sparing” approach, only 20 patients 
(38%) were alive, NED with their native bladders intact. Eight of those 20 patients 
required additional intravesical therapy for nonmuscle-invasive recurrences. In an 
updated report on 106 patients, these investigators reported similar results (67), with 
85 patients completing therapy with only minor deviations. Nineteen patients underwent 
cystectomy because of an incomplete response or intolerance of chemoradiotherapy, and 
76 patients were consolidated with additional radiotherapy and cisplatin. Thirty-six (34%) 
patients ultimately required cystectomy, with 49% of patients alive, and 43% alive with 
their native bladders intact. Although patients with T2 lesions had a 62% rate of achieving 
TO status with induction therapy, this dropped off to 41% of patients with T3 and T4 
disease, and fell even further to 20% in patients who presented with ureteral obstruction. 
Finally, distant metastatic disease continued to be a significant source of failure, despite 
systemic therapy being administered. Of patients who achieved TO status and did not 
recur locally, the 5-yr actuarial likelihood of developing distant metastatic disease was 
20%, while in patients who did not achieve a complete response or who achieved TO and 
recurred locally, the 5-yr chance of relapse was 55%. These are important observations 
and suggest that the apparent excellent results obtained in a patient who can have a 
complete resection via TURBT, has low T-stage, a small primary and no hydronephrosis 
may not be extrapolated to a patient with a higher T-stage lesion, large volume residual 
tumor following TURBT, or other poor prognostic factors. 


9. RTOG 88-02 


The Radiation Therapy Oncology Group (RTOG) conducted a confirmatory phase II 
study based on the data from the initial 53 patients reported at the MGH. This trial, 
88-02, utilized the identical regimen as outlined above, enrolled 91 patients, and the final 
results were published in 1996 (68). Eighty-five patients completed induction therapy, 
68 (75%) achieved a complete response, and 14 patients required an immediate cystec- 
tomy. In the 70 patients who proceeded to consolidative therapy, 36 (51%) developed 
recurrences, including 23 (33%) recurrences that were muscle-invasive, requiring sal- 
vage cystectomy. Overall, 37 of 91 patients (40%) required a cystectomy. Four-year 
actuarial results were reported, including a 43% risk of muscle-invasive local recurrence, 
a 22% risk of developing distant metastatic disease, an overall survival rate of 62%, and 
the likelihood of surviving with an intact bladder was only 44%. One important point 
reinforced by this trial was the accuracy of clinical restaging postchemoradiotherapy. 
Nineteen patients developed “non-muscle-invasive” recurrences, but four of these 
patients developed metastatic disease, and three had already died by the time of the report. 
Advocates of this approach argue that the patient likely would have died with metastatic 
disease anyway, and with this approach they did not have to endure a cystectomy. 
However, given the information from other trials regarding the clinical staging error, isn’t 
it also possible that at least some individuals have persistent muscle-invasive disease 
following induction therapy that is confined to the bladder but undetectable by the urolo- 
gist/pathologist? If so, those patients are destined to ultimately recur with distant meta- 
static disease. Itis at least theoretically possible that some fraction of those patients would 
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have been cured with cystectomy. Of course, this information cannot be derived from any 
phase II trial, despite the size of that trial. Although a definitive phase III trial of surgery 
vs a bladder-conservation approach cannot be accomplished, other questions can be 
answered by this mechanism. 


10. RTOG 89-03 


As a follow-up to 88-02, the RTOG conducted a randomized phase III trial to evaluate 
the role of the induction chemotherapy given as per the previous trial. This trial, 89-03, 
randomized patients to a control arm (including two courses of CMV) as outlined in the 
previous phase II trial, or the identical therapy without the two cycles of CMV (69). This 
trial was initially designed to accrue 174 patients, but the protocol was stopped after 
123 patients because of severe complications from the chemotherapy and 5 patients who 
suffered treatment-related deaths. Five-year actuarial data were presented, with 49% of 
patients alive and 38% with a functioning bladder. There were no differences between the 
two groups in terms of distant metastases, pelvic failures, or overall survival. Twenty 
patients developed a nonmuscle-invasive recurrence and were treated with additional 
local measures. Twenty other patients required salvage cystectomy because of muscle- 
invasive recurrences (n = 11), or noninvasive recurrences which did not respond to 
conservative management (n = 9). 

There are several “take-home” messages from this study. First, this was a highly 
selected patient population with almost 75% of patients NED at the time of entry, having 
successfully undergone complete resection via TURBT. This does not represent the 
population of bladder cancer patients as a whole, and those who are able to have complete 
resection are more likely to have a favorable outcome. Therefore, in 75% of patients in 
this study, chemoradiotherapy was essentially administered as an adjuvant. In that con- 
text, the results are somewhat disappointing. Although the survival is comparable to 
muscle-invasive disease patients as a whole undergoing cystectomy, they are probably 
not equivalent to a group of patients who can undergo complete resection at TURBT and 
who subsequently have a cystectomy. 

The percentage of patients who are alive with an intact bladder at 5 yr is only 38% with 
this “bladder-sparing” approach. This is not surprising, given what we know about the 
difficulties with clinical staging and the recognition of transitional cell carcinoma (TCC) 
of the urothelium as a field defect. People who are offered this approach as an “equiva- 
lent” option to cystectomy should be informed of these results. 

There are several possible reasons for the negative results of this trial. One possibil- 
ity is that an insufficient amount of chemotherapy was administered. Few would argue 
that two cycles of chemotherapy is likely insufficient to eradicate microscopic meta- 
static disease. However, in a 975 patient trial conducted by the Medical Research 
Council and the European Organization for the Research and Treatment of Cancer, 
three cycles of CMV given prior to definitive therapy failed to provide the 10% 
improvement in survival that could have been detected by the trial (43). Similarly, other 
trials of neoadjuvant chemotherapy to date have similarly not shown any obvious 
improvement in survival (70-73), so it is unlikely that the number of cycles of therapy 
here had a significant impact on the outcome of the study. Even if more cycles could 
have had an impact, it should be remembered that this trial was stopped early because 
of chemotherapy-related treatment deaths with only two cycles of treatment. Others 
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have argued that the absence of doxorubicin in the CMV regimen makes this regimen 
inferior. However, no such randomized data exist, and it seems unlikely that a single, 
low dose of an agent with inferior single-agent activity when compared to CMV, would 
make a significant impact on results. Also, once again, M- VAC is clearly a more toxic 
regimen, and this trial was already stopped early because of toxicity, and the addition 
of doxorubicin to a group of patients receiving significant doses of radiotherapy is 
unlikely to be well tolerated. The final possible conclusion is that the concept of 
neoadjuvant chemotherapy simply does not work in bladder cancer. We await the 
results of the US Intergroup trial which randomized patients to receive surgery alone 
or three cycles of M-VAC prior to surgery. All other trials of chemotherapy in early 
stage disease have not shown a survival benefit. 

If we have shown that two cycles of neoadjuvant chemotherapy is ineffective in this 
setting, then we are assuming that two to three doses of single-agent cisplatin added to 
radiotherapy will make that radiotherapy equivalent to cystectomy. Although this may 
be reasonable in patients with small, completely resected tumors, it clearly does not 
apply to patients with large residual tumors or with other poor prognostic factors such 
as the presence of hydronephrosis. The claim that the results with chemoradiotherapy 
are equivalent to surgery cannot be supported by the literature outlined here. Although 
advocates of bladder-sparing therapy have assumed that patients with a native, irradi- 
ated bladder necessarily have a better satisfaction rate and overall QOL than patients 
with any artificial diversion, this may not necessarily be true. Certainly bladder-sparing 
provides an improved QOL compared to an ileal loop diversion, but the majority of 
patients with continent diversions or orthotopic neobladders are equally pleased with 
their outcome. One must also consider the psychological impact on QOL of a patient 
who must be told that there is a 40% risk of invasive local failure by 4 yr, not to mention 
the need for additional intravesical therapy for noninvasive recurrences. This approach 
can certainly be offered to patients who are not surgical candidates because of medical 
comorbidities, or in the occasional patient who refuses surgical intervention. 
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1. INTRODUCTION 


In women with lower-genital-tract carcinomas—cervical, vaginal, and vulvar carci- 
nomas—hematogenous metastases are rarely present at diagnosis, and thus disease can 
frequently be controlled with local treatment. Small tumors can usually be treated with 
surgery alone, but cancers that penetrate deeply, particularly those that involve adjacent 
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tissues or regional lymph nodes, require radiation therapy. Although radiation therapy 
controls pelvic disease in many cases, local and regional recurrence frequently contrib- 
utes to the death of patients who are not cured with local treatment. To reduce these 
recurrences and improve cure rates, investigators have sought effective ways of combin- 
ing chemotherapy with radiation therapy. 

Although combinations of chemotherapy and radiation therapy (“chemoradiation”) 
have been used to treat a variety of gynecologic malignancies, the most intense interest 
has focused on the use of chemoradiation in the treatment of cervical cancer. Recent 
studies have convincingly demonstrated that concurrent chemotherapy can significantly 
improve the outcome of some patients who require radiation therapy for treatment of their 
disease. Controversies persist about the indications for chemoradiation and ideal drug 
regimens, but its fundamental value in patients with locoregionally advanced cervical 
cancer has been established. 

This chapter will review trials of chemoradiation in cervical cancer, including the 
recent trials that established the value of this approach, and will discuss several questions 
that remain to be resolved regarding this treatment, including the ideal dose and schedule, 
and the effect of chemoradiation on compliance and complications. The last section of 
this chapter will briefly discuss the use of chemoradiation in the treatment of other 
gynecologic malignancies. 


2. STUDIES OF HYDROXYUREA IN COMBINATION 
WITH RADIATION THERAPY 


Until recently, hydroxyurea was prominent in most of the prospective randomized 
trials of chemoradiation for cervical cancer. One must understand the early trials of 
chemoradiation with hydroxyurea to understand the design of later chemoradiation trials. 

In the late 1960s, Sinclair (7) published results of in vitro laboratory experiments 
suggesting that hydroxyurea might be an effective radiation sensitizer. Encouraged by 
these in vitro results and preliminary clinical results (2), Piver and colleagues (3—7) began 
a series of clinical studies of the effectiveness of concurrent hydroxyurea and radiation 
therapy in women with carcinoma of the cervix (Table 1). The first of these studies (3) 
was a small trial of 41 patients (37 evaluable) with stages IIB-IIIB carcinoma of the cervix 
who were randomly assigned to receive hydroxyurea (80 mg/kg every 3 d) or placebo 
during external-beam irradiation. At a follow-up time of 2 yr, the authors reported disease 
control rates of 67% in the hydroxyurea arm and 32% in the placebo arm (Table 1). 

By 1977, Piver and colleagues (8) had enrolled 148 patients in this study, and they 
published an updated analysis that included 117 of these patients. In this update, the 
authors did not provide an overall survival comparison but reported comparative survival 
rates in a number of subsets from the original study. 

The authors were most encouraged by the results in the subset of 66 women with stage 
IIB disease: at 2 yr, rates of freedom from disease were 74% in the 27 women treated with 
hydroxyurea and 44% in the 39 women who had received the placebo. These results 
were encouraging, but the small number of patients, exclusions, and short follow-up may 
have compromised the analysis. Another concern about Piver and colleagues’ studies 
was the high rate of severe complications, a number of which were fatal (5). These deaths 
were excluded from the authors’ calculations of disease-free survival. 

Piver and colleagues did not find a survival benefit with hydroxyurea for patients with 
stage III disease who were treated in their studies (4,7). However, they believed that a 


Table 1 
Studies of Hydroxyurea Combined with Radiation Therapy in Patients with Locally Advanced Carcinoma of the Cervix 


Hydroxyurea 
Sao a ee Alternate f 
No. of patients Survival treatment Survival 
Accrual Tumor — rate — rate 
Author Year dates characteristics Randomized Analyzed No. (%) No. Treatment (%) Endpoint p 
Piver et al. (3) 1974 Not TIB (22), INB (15) 41 37 15 66.6 22 Placebo 31.8 Surviving, 0.001 
stated NED at 2 yr* 
Piver et al. (4) 1977 Not IIB (67), HIB (50) 148 117 
stated 
IIB? Unknown 66 27 74 39 Placebo 44 Surviving, <0.01 
NED at 2 yr 
IB? Unknown 51 23 52 27 Placebo 33 Surviving, 0.22 
NED at 2 yr 
IIIB, PAN- (LND)?’ 28 14 50 14 Placebo 57 Surviving, 
NED at 2 yr 
Hreshchyshyn 1979 1970- IIIB (84), IVA (13) 190 97 51 25 46 Placebo 13 3-yr disease-free 0.05 
et al. (9) 1976 survival® 
Piver et al. (5) 1983 1972- IIB PAN- (LND) 40 40 20 94 20 Placebo 53 5-yr survival? 0.006 
1976 
Piver et al. (6) 1985 1977- IIB (LAG-, no LND) — 20 20 88 5-yr disease-free 
1984 survival 
Piver et al. (7) 1987 IIB PAN- (LND) 45 45 20 60 25 Placebo 52 5-yr freedom 0.49 
from progression 
Stehman 1993 1981- IIB (180), HI (107), 308 294 137 53 157 Misonidazole 44 5-yr survival 0.07 
et al. (11) 1985 IVA (9) 
Whitney 2000 1986- IIB (228), II (128), 388 368 191 47 177 PF 57 5-yr freedom 0.03¢ 
et al. (13) 1990 IVA (13) from progression 
Rose et al. (12) 1999 1992- IIB (228), III (128), 575 526 177 47 176 P 67 2-yr freedom <0.001°¢ 
1997 IVA (13) 173 PF+HU 64 from progression <0.001° 


“Crude percentage calculations. Subset analysis. “Estimated from curves. “Endpoint was “5-year life table survival” but deaths from complications (2 in control arm 
and 4 in hydroxyurea arm) did not appear to have been included as events in survival calculations. “Favoring the cisplatin-containing arm. 
F = fluorouracil, HU = hydroxyurea, LAG = lymphangiogram, PAN = paraaortic node, LND = lymph node dissection, NED = no evidence of disease, P = cisplatin. 
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protracted radiation therapy schedule and undiagnosed para-aortic metastases in some 
patients who did not undergo lymphadenectomy had compromised the overall effective- 
ness of treatment. In 1987, the authors (7) reported results in 45 women with stage III 
disease who had negative para-aortic lymph nodes at lymphadenectomy. Again, there 
was no survival benefit for patients treated with hydroxyurea (p = 0.49). However, the 
authors were encouraged by a 92% disease control rate in a small subset of 17 patients 
who had received hydroxyurea with continuous (rather than split-course) irradiation. 

In the 1970s, the Gynecologic Oncology Group (GOG) (9) conducted a multi-institu- 
tional trial in which patients with stage IIIB or IVA cervical cancer were randomly 
assigned to receive hydroxyurea or placebo during external-beam irradiation; lym- 
phadenectomy was not required (Table 1). Although the final analysis suggested that 
there was a benefit from hydroxyurea, the difference between the two arms was only 
marginally significant, and flaws in the study raised questions about the generalizability 
of the results. The initial trial design called for enrollment of a modest number of patients, 
190 were randomized, but because of protocol violations and other problems only 97 of 
these patients (51%) were included in the final analysis. The exclusion of more than half 
of the patients entered in the trial probably invalidated the initial randomization. 
The study was also criticized because of the poor survival rate in the control arm (13%) 
and the relatively low dose of radiation used (many received 70 Gy or less). 

Although flaws in these studies of hydroxyurea left their results open to question, the 
GOG was convinced that the weight of the evidence supported inclusion of hydroxyurea 
in the control arms of future trials. In the early 1980s, 308 patients with stages IIB-IVA 
cervical cancer were randomly assigned to receive radiation therapy with concurrent 
hydroxyurea or radiation therapy with concurrent misonidazole. A preliminary review 
(10) revealed that patients treated with hydroxyurea had a slightly superior survival rate 
(median progression-free interval 42.9 vs 40.4 mo; p = 0.08). This difference persisted 
but there was still no significant difference in survival in a 1993 update (5-yr survival 53% 
vs 44%, p = 0.07) (Table 1) (//). The authors concluded that this study provided addi- 
tional evidence of the benefit of hydroxyurea. However, the small difference and the 
possibility that any difference reflected a harmful effect of misonidazole rather than a 
benefit from hydroxyurea left many clinicians with persistent doubts about the value of 
hydroxyurea. 

Continued optimism led to the inclusion of hydroxyurea in the control arms of two 
subsequent GOG trials (/2,/3) in which hydroxyurea plus radiation therapy was com- 
pared with three different cisplatin-containing chemoradiation regimens (Table 1). 
All three cisplatin-containing regimens were superior to treatment with radiation and 
hydroxyurea, leading most gynecologic oncologists to abandon the use of hydroxyurea 
as a radiation sensitizer. 


3. STUDIES OF CISPLATIN-CONTAINING CHEMOTHERAPY 
IN COMBINATION WITH RADIATION THERAPY 


Cisplatin was first used to treat advanced cervical cancer shortly after the drug was 
introduced into clinical practice in the early 1970s. Although cisplatin continues to be one 
of the most active agents against cervical cancer, response rates are less than 30% for 
patients with recurrent or metastatic disease, and complete responses are rare and usually 
of short duration (14). 
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In contrast, multiagent cisplatin-containing regimens have produced fairly high 
response rates in women with untreated locally advanced disease. Although complete 
responses to chemotherapy are uncommon, partial response rates of 60% or more led 
clinicians to investigate the sequential use of cisplatin-containing regimens and radiation. 


3.1. Sequential Therapy 


Unfortunately, none of the seven randomized trials that have compared radiation 
therapy alone vs neoadjuvant cisplatin-containing chemotherapy plus radiation therapy 
demonstrated an improvement in overall or disease-free survival with combined-modal- 
ity therapy (Table 2). Two studies actually demonstrated poorer survival with neoadjuvant 
chemotherapy. Souhami et al. (/5) reported a significantly poorer survival rate with 
neoadjuvant chemotherapy in a small trial of patients with stage IIIB disease. This out- 
come was partly due to increased toxicity and poor compliance in patients who received 
chemotherapy. Another trial of neoadjuvant epirubicin and cisplatin was closed early 
when interim analysis revealed a significantly higher recurrence rate in the chemotherapy 
arm (/6). These trials fail to provide any evidence that sequential cisplatin-containing 
chemotherapy and radiation therapy are of benefit. Possible explanations for the disap- 
pointing results include the effects of chemotoxicity, altered compliance, and possible 
accelerated repopulation of resistant clones after neoadjuvant chemotherapy. 


3.2. Concurrent Therapy 


Other groups have investigated the use of concurrent cisplatin-containing chemo- 
therapy and radiation therapy. Within the past 3 yr, five multi-institutional randomized 
trials (12,13,17—19) have been reported that demonstrated highly significant improve- 
ments in disease-free survival when cisplatin-containing chemotherapy was given con- 
currently with radiation therapy (Table 3). These findings have significantly altered the 
standard of care for women with locoregionally advanced cervical cancer. 

The first trial to address this question was a GOG trial (/3) comparing concurrent 
hydroxyurea plus radiation therapy vs concurrent cisplatin and fluorouracil plus radiation 
therapy in patients with locally advanced disease who had negative para-aortic nodes at 
lymphadenectomy. An early analysis of this trial, which was completed in 1990, failed 
to yield definitive results. Publication of the study findings was delayed until more 
complete follow-up could be obtained. Ultimately, the study demonstrated a modest but 
significant advantage for the cisplatin-fluorouracil combination. 

The final results of the initial GOG trial were not available when the GOG designed 
its next trial (/2) for patients with locally advanced disease and negative para-aortic 
nodes at lymphadenectomy. In the second trial, hydroxyurea was again used in the control 
arm, but this time it was compared with two more aggressive cisplatin-containing che- 
motherapy regimens. Patients in one investigational arm received weekly cisplatin with 
radiation therapy, while those in the other investigational arm received a combination of 
hydroxyurea, cisplatin, and fluorouracil with radiation therapy. This time, both cisplatin- 
containing treatments were found to yield dramatic, highly significant improvements in 
local disease control and survival. The median duration of treatment was somewhat 
longer than most experts currently consider to be ideal but was similar in all three arms 
of the study. 

While the GOG was conducting its three-arm trial, two other groups were also study- 
ing the value of concurrent cisplatin-containing chemotherapy and radiation therapy in 
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Table 2 
Results of Prospective Randomized Trials that Compared Neoadjuvant Cisplatin-Containing Chemotherapy 
Followed by Radiation Therapy with Radiation Therapy Alone in Patients with Locally Advanced Cervical Cancer (52) 


Survival rate 


No o oo o 
Author Year of patients Stages Drugs CT + RT RT alone p Endpoint 
Kumar et al. (53) 1994 184 IIB-IVA BIP 38 43 0.5 OS at 32 mo 
Tattersall et al. (16) 1992 71 IIB-IVA PVB 444 40° N.S. OS at 48 mo 
Chauvergne et al. (54) 1990 107 IHIB MtxCVP 47° 50° N.S. OS at 48 mo 
Tattersall et al. (55) 1995 260 IB-IVA EpP 50° 69° 0.02 OS at 36 mo 
Sundfør et al. (56) 1996 94 MIB-IVA PF 34° 37° 0.9 OS at 48 mo 
Leborgne et al. (57) 1997 96 IB2-IVA BOP 38 45 0.4 DFS at 60 mo 
Souhami et al. (15) 1991 107 HIB BOMP 23 39 0.02 OS at 60 mo 


“Percentages were estimated from survival curves. 
B = bleomycin, C = chlorambucil, CT = chemotherapy, DFS = disease-free survival, Ep = epirubicin, F = fluorouracil, I = ifosfamide, M = mitomycin C, Mtx 
= methotrexate, O = vincristine, OS = overall survival, P = cisplatin, RT = radiation therapy, V = vinblastine. 


Table 3 


Prospective Randomized Trials that Investigated the Role of Concurrent Radiotherapy and Chemotherapy for Patients with Locoregionally Advanced Cervical Cancer 





CT CT Median Relative risk 
No. in investigational in control duration of recurrence 
Authors (trial group) Eligibility of patients arm arm of RT (af (95% C.I.) p 
Chemoradiation only 
Whitney et al. (13) (GOG) FIGO IIB-IVA 368 Cisplatin 50 mg/m? HU 3 g/m? Not stated 0.79 (0.62-0.99) 0.03 
5-FU 4 g/m 7196 h (2x/wk) 
(2 cycles) 
Rose et al. (12) (GOG) FIGO IIB-IVA 526 Cisplatin 40 mg/m "wk HU 3 g/m? 63 0.57 (0.42-0.78) < 0.001 
(up to 6 cycles) (2x/wk) 
Cisplatin 50 mg/m? HU 3 g/m? 65 0.55 (0.40-0.75) < 0.001 
5-FU 4 g/m 7196 h (2x/wk) 
HU 2 g/m? (2x/wk) 
(2 cycles) 
Morris et al. (18) (RTOG) FIGO IB-IIA (= 5 cm), 403 Cisplatin 75 mg/m None“ 58 0.48 (0.35-0.66) < 0.001 
IIB-IVA or pelvic 5-FU 4 g/m 7196 h 
nodes involved (3 cycles) 
Pearcey et al. (20) (NCIC) FIGO IB-IJA (= 5 cm), 259 Cisplatin 40 mg/m 2 hwk None 49 0.91 (0.62-1.35)° 0.43 
IIB-IVA or pelvic (up to 6 cycles) 
nodes involved 
Wong et al. (28) FIGO IB-IIA (> 4 cm), 220 Epirubicin 60 mg/m” None Not stated ~ 0.65 0.02 
IB-III then 90 mg/m? q 4 wk 
for 5 more 2 cycles! 
Thomas et al. (22) FIGO IB-IIA (= 5 cm), 234 5-FU 4 g/m 7196 h x 2 None? N.S. 
IIB-IVA 
Chemoradiation plus surgery 
Keys et al. (17) (GOG) FIGO IB (> 4 cm) 369 Cisplatin 40 mg/m?/wk None? 50 0.51 (0.34-0.75) 0.001 
(up to 6 cycles) 
Peters III et al. (29) (SWOG) FIGO [-IIA after 268 Cisplatin 50 mg/m? None 43 0.50 (0.29-0.84) 0.01 


radical hysterectomy 
with nodes, margins, 


or parametrium positive 


5-FU 4 g/m?/96 h 
(2 cycles) 


Patients in control arm had prophylactic para-aortic irradiation. Pall patients had extrafascial hysterectomy after radiation therapy. “Survival. 
continued every 4 wk through and after radiation therapy. “Patients were also randomly assigned to receive standard or hyperfractionated radiation therapy in a four-arm trial./In investigational 


arms. In no case was the median duration of RT significantly different between control and investigational arms. 


C. I. = confidence interval, FIGO = International Federation of Gynecology and Obstetrics, HU = hydroxyurea, PA = para-aortic, RT = radiotherapy. 


Chemotherapy was begun on d 1 and 
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patients with locally advanced disease. The Radiation Therapy Oncology Group (RTOG) 
compared a combination of cisplatin and fluorouracil with pelvic irradiation vs pelvic and 
para-aortic (extended-field) irradiation alone in RTOG 90-01 (Table 3) (18). Eligible 
patients were required to have either a lymphangiogram or retroperitoneal lymph node 
dissection demonstrating negative para-aortic lymph nodes. The control arm was based 
on an earlier study that demonstrated an improvement in outcome when prophylactic 
para-aortic irradiation was added to standard pelvic irradiation. The RTOG trial was 
published ahead of schedule when an interim analysis revealed highly significant 
improvements in overall survival, disease-free survival, local disease control, and rates 
of freedom from distant metastases in the investigational arm. 

Most recently, the National Cancer Institute of Canada Clinical Trials Group (NCIC) 
completed a randomized trial comparing standard pelvic radiation therapy vs concurrent 
chemoradiation using weekly cisplatin (20). This is the only major randomized trial 
of cisplatin-containing chemotherapy that has not yet demonstrated a significant 
improvement in outcome with the addition of concurrent cisplatin. Although this trial was 
somewhat smaller than the others, the median follow-up duration was long (65 mo). The 
authors have suggested that the shorter duration of radiation therapy in their study 
improved the outcome with radiation therapy alone, explaining the failure of cisplatin to 
improve the results. However, the 12-mo local control rate was similar to that of the 
control arm of RTOG 90-01, suggesting that the margin for improvement was similar in 
the two studies. 

Two trials have compared radiation therapy and chemoradiation in combination with 
surgery. The GOG conducted a trial in which patients with bulky stage IB carcinomas of 
the cervix were treated with external-beam radiation therapy followed by intracavitary 
radiation therapy and extrafascial hysterectomy (/7). Patients were randomly assigned 
to receive or not receive weekly cisplatin during external-beam irradiation. Other studies 
suggest that adjuvant extrafascial hysterectomy may not be necessary for these patients. 
However, the addition of chemotherapy to the regimen significantly increased both the 
pathologic complete response rate and the overall survival rate. The Southwest Oncology 
Group (SWOG) also found a benefit from concurrent chemotherapy in women who 
required adjuvant radiation therapy after radical hysterectomy (/9). In that study, women 
who received concurrent chemotherapy during adjuvant radiation therapy also received 
two additional cycles of chemotherapy after radiation therapy was finished. 


4. STUDIES OF FLUOROURACIL 
IN COMBINATION WITH RADIATION THERAPY 


The value of fluorouracil as a radiation sensitizer in patients with gynecologic cancer 
has not yet been clearly determined. The GOG recently completed a trial comparing 
weekly cisplatin with a chronic continuous infusion of fluorouracil alone, but results of 
this trial have not been reported. No study has yet compared the two most successful 
cisplatin-containing regimens described to date—specifically, weekly cisplatin (used in 
several GOG trials and the NCIC trial) vs three or four cycles of higher-dose cisplatin 
with fluorouracil (used in the RTOG and SWOG trials). The inclusion of hydroxyurea 
and the relatively low dose of cisplatin in the three-drug arm of the GOG trial reported 
by Rose et al. (72) make it impossible to ascertain the contribution of fluorouracil to the 
benefit and toxicity of that regimen. A recent update of an early trial from The University 
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of Texas M. D. Anderson Cancer Center study (2/) of fluorouracil given as a chronic 
continuous intra-arterial infusion with radiation provided anecdotal evidence of the 
efficacy of the drug. That review revealed that several patients with massive stage IIIB 
disease who were treated with only 50 Gy of pelvic irradiation and fluorouracil survived 
for more than 5 yr. More recently, a small prospective randomized trial exploring the use 
of concurrent continuous-infusion fluorouracil and radiation yielded encouraging but 
inconclusive results (22). 


5. STUDIES OF OTHER CYTOTOXIC AGENTS 
IN COMBINATION WITH RADIATION THERAPY 


North American prospective trials of radiation sensitizers for cervical cancer have 
focused on the use of cisplatin, fluorouracil, and hydroxyurea. However, a number of 
other drugs also hold promise as effective radiation sensitizers for cervical cancer, 
including mitomycin C, epirubicin, paclitaxel, and carboplatin. 

Citing the success of mitomycin-C in the treatment of anal cancer, anumber of investi- 
gators have explored the use of this drug, usually in combination with fluorouracil, 
in patients treated with radiation for cervical and vulvar carcinomas (23—27). Roberts 
etal. (27) recently reported results of an interim analysis of a randomized trial, conducted 
in Venezuela, in which women with locally advanced cervical cancer were treated with 
radiation therapy with or without mitomycin. At the time of this interim analysis (pub- 
lished while the authors were continuing to accrue patients to the study), the authors noted 
a significant improvement in disease-free survival (p = 0.01) with chemotherapy but no 
significant difference in overall survival (p = 0.1). 

Although neoadjuvant epirubicin has not been found to benefit women with locally 
advanced cervical cancer, Wong et al. (28) reported significant improvements in disease- 
free and overall survival (p = 0.03 and p = 0.04, respectively) when the drug was given 
during and after radiation therapy in patients with stages [B2-III cervical cancer. In this 
study, epirubicin was given for six cycles, starting at the beginning of radiation therapy. 
For the first cycle the drug was given at a dose of 60 mg/m? and then at 90 mg/m? for five 
more cycles at 4-wk intervals. 

Other potential radiation sensitizers for cervical cancer are being explored in phase I 
and II trials. Paclitaxel has been combined with cisplatin in several small phase I studies. 
Pignata et al. (29) found that 50 mg/m? per week of paclitaxel could be combined with 
weekly cisplatin (30 mg/m?) and radiation therapy with acceptable toxicity, although 
10 of 18 patients in their study had grade 3—4 hematologic toxicity. Chen et al. (30) also 
were able to give weekly paclitaxel at a dose of 50 mg/m? (in this case combined with 
50 mg/m? of cisplatin every three weeks) with tolerable toxicity and minimal delay in 
planned radiation therapy. In both studies, the dose-limiting side effect appeared to be 
diarrhea. It should be noted that the total dose of cisplatin delivered in these trials was 
lower than that used in the most successful prospective trials of cisplatin or cisplatin and 
fluorouracil (Table 3). 

Muderspach et al. (31) reported the results of a pilot study of concurrent carboplatin 
(30 mg/m? twice weekly) with radiation in 22 patients with stage IIA (>4 cm) to HIB 
disease. The most significant chemotherapy-related side effects were grade 3 neutro- 
penia and anemia. The authors reported 19 complete responders to this regimen, although 
only 11 patients were alive and disease-free at the time of their report. Because cisplatin 
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has consistently been found to be the most active single agent in women with advanced 
and recurrent cervical cancer and because of the drug’s proven activity as a radiation 
sensitizer, it has been preferred over carboplatin in most studies. However, a significant 
number of cervical cancer patients are ineligible to receive cisplatin because of renal 
failure secondary to cancer-related hydronephrosis. There is an important need to dem- 
onstrate whether less nephrotoxic agents such as carboplatin are effective radiation sen- 
sitizers in this setting. 

Although a number of other agents are of interest as possible radiation sensitizers, 
most investigators find it difficult to justify testing them in potentially curable cervical 
cancer patients without including cisplatin because of the dramatic improvements 
documented when cisplatin was used in the prospective randomized trials described 
earlier in this chapter. 


6. IMPORTANCE OF DRUG DOSE, SCHEDULE, 
AND MODE OF ADMINISTRATION 


The studies of chemoradiation that have been completed in patients with carcinoma of 
the cervix provide little specific guidance about the importance of chemotherapy dose 
and schedule. 

The dose of cisplatin in the RTOG regimen (two to three cycles of 75 mg/m? ) (18) and 
the dose used in the GOG weekly schedule (four to six cycles of 40 mg/m?) (12,17) 
resulted in the highest total doses of cisplatin described to date in trials of chemoradiation 
for cervical cancer—an average total dose of more than 200 mg/m? (Table 2). Patients 
treated in the SWOG postoperative trial also received a high total dose of cisplatin, 
although some of the drug was delivered after radiation therapy was completed (19). 
It has been tempting to suggest that the somewhat smaller reduction in risk seen for 
patients treated in the early GOG trial published by Whitney et al. (/3) reflected the lower 
total dose of cisplatin used in that trial. However, the negative preliminary result reported 
for the NCIC trial (20), in which the dose of cisplatin was relatively high, underscores the 
danger of attempting to compare results between trials to assess the relative benefit of 
different schedules. 

So far, the available evidence probably supports the use of either the GOG weekly 
cisplatin regimen or the RTOG schedule of cisplatin and fluorouracil. As yet, no data 
support the use of weekly cisplatin at doses below the 40 mg/m?/wk given in the GOG 
studies. The only randomized trial to investigate a lower dose of weekly cisplatin was an 
early study reported by Wong et al. (32) They were unable to demonstrate a benefit when 
25 mg/m?/wk of cisplatin plus radiation therapy was compared to radiation therapy alone. 
It must be noted, though, that the study was compromised by the small number of patients 
(fewer than 30 in each arm). 

The literature strongly suggests that concurrent chemoradiation is superior to 
neoadjuvant chemotherapy followed by radiation therapy. However, the effect of con- 
tinuing chemotherapy after radiation is complete is uncertain. Two of the positive trials 
(the SWOG postoperative trial [79] and a study of concurrent epirubicin /28/) involved 
additional cycles of chemotherapy after concurrent chemoradiation was completed. 
In their report, Peters et al. (19) suggested that postradiation chemotherapy contributed 
importantly to their patients’ good outcomes because those who completed the full course 
of treatment appeared to have a better outcome than those who received only the concur- 
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rent chemoradiation. However, it may be impossible to determine whether termination 
of chemotherapy before the full planned course correlated with some other difference 
in the patients’ disease or in their ability to cooperate with other important aspects of 
treatment. The weight of the literature still suggests that the concurrent component 
of treatment is most important, and further studies will be needed to determine the 
importance of additional chemotherapy. 

All of the prospective studies cited in Table 3 involved delivery of chemotherapy 
throughout external-beam irradiation. However, only the RTOG trial (/8) included a 
planned course of chemotherapy with the intracavitary irradiation. The trial by Wong 
et al. (28) also involved delivery of chemotherapy during intracavitary irradiation but did 
not specify the precise timing of the drugs with respect to intracavitary procedures. 
Patients who are treated with a combination of external-beam irradiation and low-dose- 
rate intracavitary therapy typically receive 50% or more of the dose to their primary tumor 
during 3—4 d of brachytherapy. This would seem to be an ideal time to give concurrent 
chemotherapy, but the value of this timing has not been proven. Today some clinicians 
are using high-dose-rate brachytherapy divided into 3- to 9-Gy fractions (to point A) to 
treat women with cervical cancer. The optimal timing of chemotherapy with respect to 
high-dose-rate intracavitary treatments in terms of tumor control and the potential for late 
effects is entirely unknown. 


7. INFLUENCE OF CHEMORADIATION 
ON COMPLIANCE AND TREATMENT DURATION 


Most locally advanced cervical cancers occur in women who have had limited or no 
experience with the medical care community. These women may have significant 
social, cultural, educational, and financial barriers to obtaining consistent care and may 
have difficulty complying with complex treatment regimens. Although compliance 
rates vary, some investigators have reported very high rates of incomplete or severely 
protracted treatment in patients with cervical cancer (33,34). One of the factors thought 
to contribute to the disappointing results achieved with neoadjuvant chemotherapy was 
the higher likelihood that patients would fail to complete local treatment after a course 
of toxic chemotherapy. 

The influence of concurrent chemotherapy on compliance is still incompletely under- 
stood. The average duration of treatment varied markedly between the randomized trials 
reported to date, although none of the trials reported a significant difference in the overall 
duration of radiation therapy between the regimens that were being directly compared 
(Table 3). Several of the trials reported a disturbingly high number of patients whose 
treatment was protracted beyond currently acceptable limits. In particular, in the large 
GOG trial reported by Rose et al. (/2), the median duration of treatment was 9 wk; 
10% of patients required 12 wk or more, and 9% did not receive any brachytherapy. 
Because patients received chemotherapy in all three arms, it is impossible to estimate 
how many of these delays were related to compliance problems or side effects of chemo- 
therapy. However, the long treatment duration and somewhat low average dose of radia- 
tion delivered to patients in this trial led some clinicians to question the generalizability 
of the trial until confirmatory results from other trials were revealed. Pearcey et al. (20) 
have argued that they may not have detected an advantage with weekly cisplatin in the 
NCIC trial because the duration of radiation therapy was shorter than that of other trials, 
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resulting in more effective local treatment. However, a comparison of the 1-yr local 
control rates (78% and 77%, respectively) and 5-yr survival rates (66% and 58%, respec- 
tively) for patients in the control arms of the NCIC and RTOG trials suggests that the 
margins for improvement were similar in the two studies (78,19). 

Because patients with very severe social problems tend to be excluded from prospec- 
tive trials, additional problems may emerge now that many clinicians have accepted 
chemoradiation as the standard treatment for locoregionally advanced disease. There is 
no evidence that the use of concurrent chemotherapy permits significant reductions in 
total treatment dose; there is also no evidence that chemoradiation overcomes the detri- 
mental effects of treatment protraction. It is therefore critical that multidisciplinary teams 
work closely with patients and social services to educate patients and facilitate the timely 
and complete administration of this complex treatment. 


8. INFLUENCE OF CHEMORADIATION 
ON ACUTE AND LATE COMPLICATIONS OF TREATMENT 


The acute morbidity of chemoradiation is almost always greater than that of radiation 
therapy alone. With cisplatin, upper-gastrointestinal-tract symptoms occur in addition to 
the lower-gastrointestinal-tract symptoms usually seen with pelvic irradiation. Although 
cisplatin has relatively modest hematologic toxicity, only about half of patients are able 
to complete the full six courses of weekly cisplatin or the full three courses of the RTOG 
regimen (18). An effort should be made to manage the dose and timing of chemotherapy 
to minimize the risk of severe neutropenia or thrombocytopenia, which could delay 
brachytherapy. Fluorouracil may increase the severity of acute lower-gastrointestinal- 
tract symptoms, particularly diarrhea, although grade 4 acute complications are still 
uncommon. 

Trials of cisplatin-based chemoradiation have not yet demonstrated any dramatic 
increase in the incidence of major late complications with the addition of concurrent 
cisplatin. However, most of these trials did not have sufficiently mature follow-up at the 
time of publication to permit full evaluation of the comparative risks. Thomas et al. (35) 
reported a significantly higher rate of serious late bowel complications in patients who 
received mitomycin with or without fluorouracil than in patients who received fluoro- 
uracil alone (p = 0.004). However, Roberts et al. (27) have not yet reported an increased 
rate of late complications with chemotherapy in their Venezuelan study of radiation alone 
vs radiation plus mitomycin C and fluorouracil. Long-term follow-up of the randomized 
trials will be needed to improve our understanding of the influence of concurrent chemo- 
therapy on late complications. 


9. IS THE EFFECTIVENESS OF CHEMORADIATION RELATED 
TO DISEASE STAGE? 


Thus far, all but one of the trials large enough to detect a 40-50% reduction in the risk 
of recurrence with cisplatin-based chemotherapy have been positive. The patients selected 
for these trials had overall recurrence rates that ranged between 25% and 60% at 5 yr; each 
trial also included patients with a range of disease presentations. Patients who were 
treated with radiation alone or with a combination of radiation and surgery benefited 
equally from the addition of chemotherapy during their radiation therapy. None of the 
randomized studies was large enough to permit reliable subset analyses even within the 


Chemoradiation for Gynecologic Cancers 315 





stratification groups. Preliminary analysis of the subset of 117 patients in RTOG 90-01 
(18) who had stage II or IVA disease did not demonstrate a significant benefit with 
chemoradiation. It has been suggested that these patients may have had disease that was 
more resistant to the beneficial effects of concurrent cisplatin. However, the number of 
patients was too small and the analysis was too early to permit firm conclusions about the 
relationship between disease extent and the magnitude of risk reduction with chemo- 
therapy. The GOG study reported by Rose et al. (/2) that included only patients with 
stages IIB-IVA disease yielded a reduction in the risk of recurrence similar to that in the 
RTOG trial. 

In general, the evidence suggests that patients who have a recurrence risk of more than 
20-30% after radiation therapy alone are likely to benefit from concurrent chemotherapy 
if they have no major medical contraindications to chemoradiation. 


10. CHEMORADIATION 
FOR OTHER GYNECOLOGIC MALIGNANCIES 


A number of phase I and II trials of chemoradiation for gynecologic malignancies have 
included patients with vaginal or vulvar cancer, but the number of patients with these rare 
malignancies has been too small to support large randomized trials. 


10.1. Vaginal Cancer 


Vaginal cancers are so similar to cervical cancers with respect to epidemiology, behav- 
ior, and treatment response that many clinicians have chosen to treat vaginal cancers of 
stage II or greater with chemoradiation on the basis of results from cervical cancer trials. 
Unfortunately, only scattered published reports of chemoradiation are available for this 
rare tumor. 


10.2. Vulvar Cancer 


Vulvar carcinomais also uncommon, but this tumor has been a focus of chemoradiation 
studies for a number of years because of the similarities between vulvar and anal cancer 
and the success of chemoradiation for anal cancer. Mitomycin C and fluorouracil, agents 
commonly used to treat anal cancer, have been particularly popular for use in 
chemoradiation regimens for vulvar cancer (Table 4). More recently, successful trials 
in patients with cervical cancer have added to clinicians’ enthusiasm for chemoradiation 
in vulvar cancer and have probably contributed to the increasing use of cisplatin in phase 
II protocols. However, one important distinction of vulvar cancer patients is their rela- 
tively advanced age. Unlike cervical cancer, which commonly effects premenopausal 
women, vulvar cancer has its peak incidence in women over 70 yr of age, and more than 
half of affected women are more than 70 yr old at diagnosis. Many patients with vulvar 
cancer have significant intercurrent illnesses. The importance of this feature of the dis- 
ease is emphasized in the results of early trials of concurrent chemoradiation with 
bleomycin, which was associated with a high chemotherapy-related mortality rate (36,37). 
Recent trials have reduced severe toxicity by using less toxic chemotherapy regimens and 
by excluding patients with severe comorbid diseases. 

In general, phase II trials of chemoradiation for vulvar cancer have yielded encourag- 
ing response rates (Table 4). Most studies of cisplatin or mitomycin C plus fluorouracil 
have yielded vulvar local control rates of better than 50% in women with advanced 


OTE 


Table 4 


Concurrent Chemoradiation for Patients with Locally Advanced or Recurrent Carcinoma of the Vulva 


No. of patients 
with recurrent 


No. RT dose or persistent local disease Follow-up time 

Investigator Year of patients Chemotherapy drugs (Gy) after RT + surgery (mo) 
Akl et al. (38) 2000 12 5-FU + Mito 30-36 1 (8%) 8-125 
Han et al. (26) 2000 14 5-FU + CDDP or Mito 40-62 6 (43%) 7-120 
Moore et al. (46) 1998 73 5-FU + CDDP 47.6 15 (21%) 22-72 
Cunningham et al. (40) 1997 14 5-FU + CDDP 45-50 4 (29%) 7-81 
Landoni et al. (44) 1996 58 5-FU + Mito 54 13 (22%) 4—48 
Lupi et al. (24) 1996 31 5-FU + Mito 54 7 (23%) 22-73 
Wahlen et al. (49) 1995 19 5-FU + Mito 45-50 1 (5%) 3-70 
Eifel et al. (41) 1995 12 5-FU + CDDP 40-50 5 (42%) 17-30 
Koh et al. (43) 1993 20 5-FU + CDDP or Mito 30-54 9 (45%) 1-75 
Russel et al. (47) 1992 25 5-FU + CDDP 47-712 6 (24%) 4-52 
Scheistroen et al. (37) 1992 42 Bleomycin 45 39 (93%) 7-60 
Berek et al. (39) 1991 12 5-FU + CDDP 44-54 0 7-60 
Thomas et al. (48) 1989 24 5-FU + Mito 44-60 10 (42%) 5-43 
Evans et al. (42) 1988 4 5-FU + Mito 25-70 2 (50%) 20-29 
Levin et al. (45) 1986 6 5-FU + Mito 18—60 0 1-25 
Iverson et al. (36) 1982 15 Bleomycin 15-40 11 (83%)? 4 


“Vulva treated with electron-beam RT only; groins were managed by lymph node dissection without RT. 
Most patients had unresectable, stage IV lesions. 
5-FU = fluorouracil, CDDP = cisplatin, Mito = mitomycin-C, RT = radiation therapy. 
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tumors, many of whom have unresectable or recurrent disease (24,26, 38-49). Although 
these data are encouraging, very few data regarding the response to radiation without 
chemotherapy are available for comparison. 

Investigators have also been encouraged by the results of chemoradiation in women 
with vulvar cancer with positive or high-risk regional nodes (50,51). Montana et al. (51) 
reported results of a GOG phase II trial of cisplatin and fluorouracil with radiation in 
52 women with clinically suspicious inguinal lymph nodes; biopsy confirmation of 
inguinal node involvement was not required for entry. Of the 46 eligible patients, 37 went 
on to have a dissection of the clinically involved groin. Of these, 15 had no evidence of 
cancer in the specimen, and only one had an inguinal recurrence. However, only 12 of the 
patients in this study were alive and disease-free at the time of the report. 


10.3. Ovarian Cancer 


Although there have been some efforts to combine chemotherapy and radiation for 
patients with ovarian cancer, these cancers are usually advanced at presentation, limiting 
the role of local treatment. For patients with endometrial cancer, the possible role of 
combined adjuvant treatment is just beginning to be explored by the multi-institutional 
clinical trials groups. 
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1. INTRODUCTION 


Despite recent advances in the technology and techniques for delivering radiotherapy 
to patients with malignancies, the inability of maximally tolerated doses of radiation to 
locally eradicate all of the malignant cells remains a major clinical problem leading to 
failure of the overall treatment plan. As described by Rosen et al., there are a variety of 
reasons why tumors recur locally after radiotherapy (1—3). A “geographic miss” occurs 
when a portion of the observable tumor volume is excluded from the radiotherapy port 
and those tumor cells receive a nominal dose of radiation. Frequently, the distribution of 
radiotherapy dose to the gross tumor is uneven, with the central portion of the targeted 
volume receiving a higher quantity of radiation than the cells at the peripheral tumor/ 
normal tissue interface. These tumor cells at the edge of the radiation port therefore can 
receive a subtherapeutic or sublethal dose of radiation and retain the ability to regrow and 
repopulate. This is referred to as a “marginal miss.” Irradiated tissues can also potentially 
be recolonized with tumor cells from regional anatomic sites or from hematogenous 
dissemination. This is referred to as “repopulation.” However, the major cause of local 
recurrence is the inability of maximally tolerable dosages of radiation to completely 
eliminate the malignant cells within the tumor mass. Radioresistance in this sense is 
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relative, since presumably there is a dose of radiation that would kill all of the malignant 
cells if toxicity factors inherent to the host did not preclude its delivery. 

The relationship between the optimal dose of radiation that results in the desired effect 
and the dose that produces undesired toxicity is referred to as the “therapeutic index.” 
The goal of the radiation oncologist is to manipulate the therapeutic ratio such that there 
is maximal separation between the beneficial and the detrimental effects of the delivered 
therapy. This can be accomplished by either enhancing the impact of a given quantity of 
radiation on the malignant cell or by reducing the unfavorable damage to the normal 
tissues. Techniques that have been used with varying success include changes in time- 
dose relationships (hyperfractionation, accelerated fractionation), changes in the relative 
tumor/normal tissue volume exposed to radiation (three-dimensional conformal radio- 
therapy, stereotactic radiosurgery), and administration of radioprotective agents such as 
sulfhydryl compounds (amifostine). As described in previous chapters of this textbook, 
the concurrent or sequential administration of certain chemotherapeutic agents can also 
enhance the ability of radiotherapy to impact on the local control of a tumor and improve 
the therapeutic ratio. Although the mechanisms for this interaction are often poorly 
understood, prospective randomized trials have clearly demonstrated the benefit of agents 
such as cisplatin, taxanes, mitomycin-C, and 5-fluorouracil in the combined modality 
therapy of diseases such as squamous cell carcinomas of the head and neck, small cell and 
nonsmall-cell lung cancer (NSCLC), anal carcinoma, esophageal cancer, cervical can- 
cer, and rectal cancer. 

Over the past decade there has been a quantum increase in the understanding of the 
genetic and molecular mechanisms that underlie the process of oncogenesis, tumor 
development, growth, and metastasis. This has led to a growing awareness of mecha- 
nisms by which tumors and normal tissue are able to overcome damage from radiation 
injury. It is now known that mutations that affect tumor suppressor genes and oncogenes 
cause abnormalities in cellular growth and programmed cell death, as well as perturba- 
tions of the cell cycle, cytokine signaling pathways, and pathways of angiogenesis that 
can significantly impact on the ability of ionizing radiation to result in the death of the 
malignant cell. This knowledge has resulted in a vast amount of preclinical study into 
ways that these molecular abnormalities may be specifically targeted to result in clinical 
benefit, not only by potentially impacting on systemic disease, but by enhancing radio- 
sensitivity. The remainder of this chapter will provide a brief overview of some of these 
agents and pathways; the following chapters in this textbook will describe these in much 
greater detail. 


2. CYCLOOXYGENASE-2 


COX-2, a key enzyme involved in the production of prostaglandins and other 
eicosanoids, is upregulated in a significant percentage of human cancers and is associated 
with invasive and metastatic tumor behavior (4). Overexpression of COX-2 mRNA and 
protein has been demonstrated in a variety of tumor types including adenocarcinomas of 
the colon, breast and stomach, melanoma, and lung cancer (5—7). There is also evidence 
that enhanced COX-2 expression is related to tumor grade, with well-differentiated lung 
and hepatocellular carcinomas having amplified expression when compared to more 
poorly differentiated tumors. Although COX-1 is constitutively expressed, COX-2 
expression is highly inducible by a variety of cytokines and growth factors including 


Overview of Molecular Targeted Agents 325 





IL-1, tumor necrosis factor-alpha, epidermal growth factor, transforming growth factor 
beta, and oncogenes ras and scr (4). The most important effect of COX-2 overexpression 
in malignant cells is inhibition of apoptosis; however, in some experimental models 
COX-2 overexpression also enhances cancer-induced angiogenesis and invasiveness. 
Several preclinical models have demonstrated that inhibition of COX-2 restores 
apoptosis, slows the growth of tumors, and enhances cell death. Cancer clinical trials in 
humans are underway, most of the clinical studies conducted to date have studied 
COX-2 inhibition in the context of chemoprevention. A notable example is a trial of 
celecoxib, a selective COX-2 inhibitor, in patients with familial adenomatous polyposis. 
When compared to placebo, 6 months of therapy with 400 mg twice daily of celecoxib 
resulted in a 28% reduction in the mean number of colorectal polyps and a 30.7% reduc- 
tion in the polyp burden as compared with reductions of 4.5% and 4.9%, respectively, for 
placebo (8). This difference was highly significant and suggests that COX-2 inhibition 
may be able to reverse the premalignant process and possibly reduce the incidence of 
malignancy in high-risk populations. 

Little is known about the interactions of radiotherapy and COX-2 expression and 
inhibition. Investigators at Stanford have demonstrated that radiation induces upregulation 
of COX-2 in PC-3 cell lines, and that the induced protein is enzymatically active and 
results in elevated levels of prostaglandin (9). The induction of COX-2 was also dose 
dependent, with an increase of 37% over controls seen following irradiation with 5 Gy, 
80% at 10 Gy and 97% at 15 Gy. Cells radiated in the presence of a COX-2 inhibitor had 
reduced prostaglandin levels; however, they found no differences in cell cycle distribu- 
tion or apoptosis between cells irradiated in the presence or absence of the COX inhibitor. 
Other investigators have shown that production of prostaglandin by animal tumors is 
associated with radioresistance, and that suppressing prostaglandin production with 
inhibitors of cyclooxygenase can enhance radiosensitivity of these tumors. Kishi et al. 
have looked at a selective COX-2 inhibitor, SC-236, in a murine sarcoma model (10). 
When SC-236 was combined with radiotherapy, there was a significant increase in tumor 
growth delay and augmentation of tumor curability. They also found that the SC-236- 
induced enhancement of tumor radioresponse was associated with a decrease in the 
production of prostaglandins but there was no effect on COX-2 protein expression. They 
also determined in this model that the effect of COX-2 inhibition on normal tissue 
radioresponse was minimal. Petersen et al. demonstrated a similar enhancement of 
radioresponse when SC-236 was given in combination with radiation in a human glioma 
cell line grown both in monolayer culture as well as in nude mice tumor xenografts (//). 

Selective COX-2 inhibitors are currently being investigated in cancer patients in 
phase I and early phase II clinical trials. The currently available data would suggest that 
specific inhibitors of COX-2 have the potential to increase the therapeutic ratio of 
radiotherapy in tumors that express COX-2, and that clinical investigation of this 
interaction is warranted. 


3. ANTIANGIOGENESIS AGENTS 


The ability of tumors to co-opt existing blood vessels and induce growth of new vessels 
is considered essential for tumors to grow larger than a few millimeters in size. Angio- 
genesis is a complex, multistep process that is regulated by a balance between 
proangiogenic and antiangiogenic factors in the tumor and endothelial microenviron- 
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ment. Endothelial cell growth and proliferation can be regulated by a number of growth 
factors including platelet-derived growth factor, vascular endothelial growth factor, 
fibroblast growth factor, and angiopoietins. There are currently a number of targeted 
inhibitors of angiogenesis that have been identified and are in various stages of clinical 
trials in a variety of malignancies. 

Therapeutic irradiation is known to have multiple interactions with the vasculature of 
the irradiated tissue (72). Radiation has direct cytotoxic effects on the vascular endothe- 
lium, likely due to induction of oxidative injury. Radiation-induced injury stimulates 
inflammation and influx of inflammatory cells in addition to creating a procoagulant state 
in the vascular space by the transcriptional induction of tissue factor with the subsequent 
activation of coagulation factors as well as von Willebrand factor and platelets. Experi- 
mental evidence suggests that the mechanism by which radiation initiates these responses 
is in part through the induction of cell-adhesion molecules including ICAM-1, E-selectin, 
and P-selectin and in part through local cytokine production and release (13). 

There is a theoretical concern when considering combining radiation with agents that 
inhibit angiogenesis. Because these agents may act by reducing blood vessel number and 
function within the tumor resulting in hypoxia, and because it is well known that the 
biologic effect of ionizing radiation is diminished in the presence of tissue hypoxia, it is 
possible that the administration of angiogenesis agents prior to or concurrently with 
radiotherapy may reduce the efficacy of radiation and result in inferior clinical outcome. 
There are a few preclinical experiments that have addressed this issue, and the results 
have been somewhat mixed. Teicher et al. demonstrated that the administration of 
antiangiogenic agents prior to chemotherapy or radiotherapy reduced the number and 
size of lung metastasis formed from the primary tumor in a Lewis lung carcinoma model 
when compared to either therapeutic modality alone (/4). Lund et al. examined the effect 
of TNP-470, a synthetic analog of fumagillin that inhibits endothelial cells, and radio- 
therapy on tumor growth vessel morphology and expression of angiogenic factors in a 
human glioblastoma line grown in the flank or intracranially in nude mice (/5). Com- 
pared to TNP-470 or radiotherapy alone, significant inhibition of tumor growth in the 
flank model was seen when the combination was given together. There was no effect of 
TNP-470 in the intracranial model, either when given alone or in combination with 
radiotherapy. Microscopic evaluation suggested that radiation-induced microvascular 
damage was prevented by concurrent TNP-470 administration. Murata et al. also studied 
TNP-470 with radiotherapy in a murine mammary carcinoma model (/6). In this experi- 
ment, 4-5 mm tumors were irradiated under hypoxic and oxygenated conditions. TNP- 
470 was administered subcutaneously twice a week during and/or after radiotherapy. 
Hypoxic tumors were not affected significantly when TNP-470 was started 24 h before 
radiotherapy; however, in the nonhypoxic group tumor control required higher doses of 
radiotherapy indicating that TNP-470 given during radiotherapy had a negative effect 
and decreased radiocurability. Other studies have examined angiostatin, a proteolytic 
fragment of plasminogen with antiangiogenic activity, in combination with radiotherapy. 
These studies suggest that there is an antitumor interaction between radiation and 
angiostatin in both cell cultures and xenograft models (17,18). 

There are several ongoing clinical studies that are addressing this issue. As an 
example, in NSCLC there are two phase HI randomized trials in which antiangiogenesis 
agents are being given concurrently with radiotherapy and chemotherapy in patients 
with locally advanced disease. An Eastern Cooperative Oncology Group trial is testing 
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the combination of carboplatin and paclitaxel and radiotherapy with and without tha- 
lidomide, while the MD Anderson CCOP program in cooperation with a consortium of 
Canadian investigators is testing the addition of a highly antiangiogenic shark cartilage 
extract to chemoradiation in the same clinical setting (see Website: http://www. 
cancer.gov). The results of clinical studies as well as continued preclinical investiga- 
tion with other angiogenesis inhibitors will enhance our understanding of the radiobi- 
ology of this class of agents. 


4. SIGNAL TRANSDUCTION INHIBITORS 


Signal transduction refers to the biochemical steps that transmit extracellular and 
intracellular signals to the genome, ultimately altering gene expression and cell behavior. 
Signaling pathways are often complex, providing opportunity for cross-talk and branch- 
ing between the cascades of cytoplasmic and nuclear protein kinases and phosphatases 
(19). Although there are different pathways that transduce signals, a mechanism medi- 
ating the intracellular response involves changing the state of protein and lipid phospho- 
rylation by either increasing or decreasing the activity of kinases or phosphatases. Given 
the importance of these signaling pathways in controlling cell behavior, it is not surpris- 
ing that aberrant expression and/or phosphorylation of signaling molecules leads to 
dysfunctional signal transduction, which contributes to malignant transformation, 
autonomous growth, and resistance to chemotherapeutic agents and radiation (20,21). 

It is now known that oncogene products are frequently growth factors, growth factor 
receptors, or elements of growth factor signal transduction pathways and that inhibition 
of these membrane receptors or their downstream components can lead to tumor growth 
inhibition and regression (22). In addition, human cells exhibit complex responses to 
DNA damage, including activation of genes involved in cell cycle arrest, DNA repair, and 
apoptosis (23,24). Signal transduction pathways mediated by receptor tyrosine kinases 
and protein kinase C appear to be important for the induction of many of the genes related 
to key cellular functions that permit the cell to survive a dose of radiation. Specific 
blockade of these pathways in tumor cells may increase the cytotoxic effects of radiation. 

The ErbB family of growth factor receptors is well characterized and has been gener- 
ating increasing interest as a target for cancer therapeutics. The family, which consists 
of epidermal growth factor receptor (EGFR), HER-2, HER-3, and HER-4, is over- 
expressed in a significant proportion of human cancers (25,26). In breast cancer, for 
example, 30% of tumors overexpress EGFR or HER-2, and 90% express HER-3. In 
addition, overexpression of the ErbB receptors is correlated with poorer prognosis and 
decreased survival compared to patients with tumors that are ErbB receptor negative. 
Most importantly, specific blockade of ErbB members EGFR and HER-2 has a number 
of antineoplastic effects. These effects include complete growth inhibition in vitro, a 
progressive diminution of colony-forming ability, and sensitization to the lethal effects 
of ionizing radiation. 

Ionizing radiation activates both EGFR and downstream signaling involving the 
cytoprotective mitogen-activated protein kinase (MAPK) pathway (27-29). MAPK cas- 
cade is a key cytoprotective pathway in A431 human squamous carcinoma cells that is 
activated in response to clinically relevant doses of ionizing radiation. Inhibition of this 
pathway potentiates the ability of low dose radiation to induce cell death in vitro. These 
results predict that blocking ErbB kinase activity would also sensitize cells to radiation. 
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One of the first of the signal transduction inhibitors proven to be therapeutically 
valuable for the treatment of cancer is the humanized anti-HER-2 murine monoclonal 
antibody trastuzumab (Herceptin™), which recognizes and blocks the p1854£®? growth 
factor receptor and is approved for the treatment of women with metastatic breast cancer. 
There is a strong rationale for evaluating Herceptin in combination with radiotherapy. 
Antisense oligonucleotides directed against HER-2 mRNA were able to reverse the 
radiation resistance of human tumor cell lines with HER-2 overexpression (30). Anti- 
HER-2? receptor antibody enhances radiation-induced killing of naturally overexpressing 
SKBR3 human breast cancer cells as well as MCF-7 cells engineered to overexpress this 
receptor. Treatment with ionizing radiation combined with rhuMAb HER-2 was more 
effective compared to radiation or antibody alone in HER-2 overexpressing human breast 
cancer xenografts in nude mice. The combination of radiation and antibody therapy 
produced marked reductions in tumor growth, demonstrating a marked in vivo enhance- 
ment of radiation efficacy (31). 

EGER is also an interesting potential therapeutic target. EGFR and its ligands EGF 
and T-cell growth factor (TGF)-alpha are important in cell proliferation as well as 
motility, adhesion, invasion, survival, and angiogenesis (32). Its importance in the 
development and propagation of malignancies is supported by a number of observa- 
tions. Overexpression of EGFR and its ligands leads to malignant transformation (33). 
EGER is overexpressed in epithelial malignancies such as glioma, nonsmall-cell lung, 
breast, head and neck, bladder, and ovarian carcinomas (34—36). In some studies, 
EGER overexpression was associated with poorer prognosis in bladder, head and neck, 
esophageal, nonsmall-cell lung, and breast cancer patients (37—41). Treatment of tu- 
mor cells in vitro with anti-EGFR antibody typically induces arrest of cells in G1 with 
an increase in the cyclin-dependent kinase inhibitor p27kip1 and a decrease in retino- 
blastoma protein phosphorylation (42). Although tumor growth delay is more typical, 
inhibitors of EGFR can induce regressions in certain tumor xenograft models suggest- 
ing that, for at least some tumors, EGFR pathway is important to cell survival (43). 
Although the presence of EGFR was found to be necessary, but not sufficient, for in 
vitro response to EGFR inhibitors, the degree of EGFR expression may not be as 
important for antitumor effect as the reliance on this pathway for cell proliferation and 
survival (44,45). 

A number of studies have also shown a relationship between EGFR and sensitivity to 
chemotherapeutic drugs and radiation (46-48). As an example, Wollman et al. demon- 
strated that adding EGF to MCF-7 mammary carcinoma cells increased radiation resis- 
tance and this effect was abrogated by antibody to EGFR (49). There is evidence from 
in vitro studies that radiation stimulates proliferation by release of TGF-alpha by tumor 
cells. This autocrine stimulation could explain the accelerated repopulation that occurs 
during and following therapeutic radiation (50,5/). Thus, signaling through EGFR may 
increase the resistance of tumor cells to radiation and chemotherapeutic drugs, and 
antibodies that prevent the binding of ligand to the receptor or small molecules inhibiting 
receptor kinase activity can sensitize cells to radiotherapy by inhibiting EGF/TGF-alpha 
anti-apoptotic signaling. In addition to abrogating radiation resistance, inhibiting signal- 
ing through EGFR during the administration of fractionated radiotherapy may inhibit 
cellular proliferation during radiotherapy. Concerns that inhibiting proliferation during 
radiotherapy might also exacerbate radiation effects in rapidly proliferating normal tis- 
sues may be unfounded, as inhibiting EGFR gene expression has been shown to decrease 
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proliferation in head and neck cancer cell lines without changing the proliferation rate of 
normal mucosal epithelial cells (52). 

Therapeutic agents targeting EGFR, including monoclonal antibodies against the 
extracellular domain of receptors and small molecules that inhibit receptor auto- 
phosphorylation and kinase activation, are being developed. A number of murine mono- 
clonal antibodies against the EGFR extracellular ligand-binding domain inhibit ligand 
binding to receptor are also being developed (53,54). The best characterized of these is 
mAb 225, which binds to EGFR with similar affinity to that of TGF-alpha and competes 
with the ligand for receptor binding. C225, a human/mouse chimeric of the mAb 225 
antibody, binds to the EGF receptor extracellular domain. In vitro, this antibody blocks 
ligand-dependent proliferation of tumor cell lines and can induce tumor regression in 
xenografts. C225 potentiates the effects of ionizing radiation and, similar to trastuzumab, 
enhances the activity of doxorubicin and taxanes (42,55). Preliminary results from a 
small phase I study have reported a response rate of 100% with the addition of C225 to 
radiation in patients with locally advanced head and neck carcinoma (56). Based on these 
encouraging results, there is currently a phase II study designed to determine the addi- 
tional benefit of C225 to radiation in this patient population. 

Small-molecule inhibitors of the intracellular tyrosine kinase domain of EGFR are 
also under clinical evaluation. Currently available EGFR inhibitors belong to three chemi- 
cal series: 4-anilinoquinazolines, 4-[ar(alk)ylamino]pyridopyrimidines, and 4-pheny]- 
aminopyrrolo-pyrimidines. Two quinazolines with in vivo anti-tumor efficacy and 
pharmacological properties desirable for clinical development are ZD 1839 and OSI-774 
(previously known as CP 358 774). Collectively these small molecules competitively 
inhibit ATP binding to EGFR, induce tumor stasis and even tumor regression in some 
tumor xenograft models. In addition to their shared mechanism of action, these agents are 
both also administered orally on chronic schedules and have a similar spectrum of tox- 
icity, with diarrhea and skin rash being the most common. More recently, potent, irrevers- 
ible inhibitors of EGF receptor kinases have been developed such as PD 168 393/CI- 1033. 
This compound binds to a cysteine residue near the ATP binding site. For further infor- 
mation, the reader is referred to selected reviews (32,34,57,58). 

Both antibodies and small molecules appear to be well tolerated, with promising 
results seen in early clinical trials. Current research goals include defining activity in a 
broader range of epithelial tumors, defining the optimal dose and schedule in combina- 
tion with conventional chemotherapeutic agents and/or with radiation therapy, determin- 
ing the best patient population in which to study and administer these agents, and 
expanding clinical trials to include other tumor types. 


5. RAS FARNESYLATION INHIBITORS 


The Ras family of small guanosine nucleotide binding proteins relay signals from 
activated growth factor receptors such as EGFR to downstream intracellular partners 
(59). Following activation of transmembrane receptors, upstream Ras activators, such as 
Grb2-Sos nucleotide exchange factor complex, cause normal Ras to switch from its 
inactive guanosine 5'-diphosphate (GDP)-bound state to its active guanosine 5'-triphos- 
phate (GTP)-bound state. Ras is inactivated by hydrolysis of bound GTP through its own 
intrinsic GTPase activity and by interaction with GTPase activation proteins. Impor- 
tantly, posttranslational processing of Ras by prenylation is essential for membrane 
localization and Ras function. Activated membrane-bound Ras recruits such targets as 
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serine/threonine kinases of the Ras family, which trigger the ERK/MAPK pathway 
as well as phosphoinositide 3-kinase, which activates other signal molecules (60). 
Ras activation modulates the activity of nuclear factors such as FOS, JUN, and AP-1 that 
regulate transcription of genes required for proliferation (6/). 

Given its pivotal role in a number of signaling pathways controlling cell proliferation, 
it is not surprising that mutations resulting in the persistent activation of Ras oncogenes 
are among the most frequent abnormalities found in human tumors (62). Often, these 
mutations prevent the hydrolysis of GTP, so that the Ras protein in tumor cells is in a 
continually activated state; however, even wild-type Ras proteins may play a role in 
malignant transformation when oncogenic proteins or growth factors upstream of Ras 
drive this pathway (63). 

To function, Ras must be attached to the plasma membrane. Translocation from the 
cytoplasm to membrane requires a series of posttranslational modifications that begin 
with farnesylation of the cysteine residue, the fourth amino acid residue from the 
C terminus of the protein, by farnesyl protein transferase (FPTase) (64). Attachment of 
the hydrophobic 15-carbon lipid farnesyl group allows Ras molecule insertion into the 
plasma membrane and is crucial for Ras signaling activity and transformation properties. 
As farnesylation is required for oncogenic Ras function, FPTase inhibitors (FTIs) are 
obvious candidate antineoplastic agents. Several drugs that inhibit Ras farnesylation are 
at various stages of clinical development (65). 

Although FTIs were identified by their ability to inhibit farnesylation Ras and cause 
tumor growth inhibition or regression, recent studies suggest that these two phenomena 
may not be directly related. Tumor cell lines display a range of sensitivity to FTIs which 
do not correlate with Ras mutational status suggesting that FTIs can function through 
mechanisms unrelated to Ras (66). Other farnesylated proteins that may be FTI targets are 
members of the Rho and Rhe family. Treatment with FTIs results in the depleted farnesylated 
RhoB and favors accumulation of geranylgeranylated RhoB(gg-RhoB). GgRhoB accumu- 
lation correlates well with the anticancer activity of FTIs; however, the list of farnesylated 
proteins that could be targets continues to grow (67,68). Although FTIs unequivocally 
inhibit tumor cell growth in preclinical models, FTIs illustrate the potential limitations of 
focusing on a single target at a time when our understanding of the molecular abnormalities 
in cancer cells and their potential as therapeutic targets is still naive. 

Despite the uncertainties as to the mechanism of FTI inhibition of proliferation, FTIs 
radiosensitize tumor cells. This effect appears to be specific to Ras transformation (69). 
Experimental evidence suggests that cells transformed with the activated Ras oncogene 
are often more resistant to cell killing by ionizing radiation (70,71). Inhibition of 
farnesyltransferase with FTI-277 radiosensitizes human tumor cells with H-Ras muta- 
tions, and the combination of a geranylgeranyltransferase (GGTase) with an FTI 
radiosensitizes human tumor cells with K-Ras mutations but not tumor cells with wild- 
type Ras (69,72). Thus Ras induced radioresistance can be reversed with FTIs (73). 
As radiosensitization is not seen in cells with wild-type Ras , the combination of FTI and 
fractionated radiotherapy may result in improved therapeutic index through sparing of 
normal tissue relative to tumor tissue. 


6. CELL CYCLE INHIBITORS 


Signaling cascades ultimately converge to instruct the cell cycle machinery. In eukary- 
otic organisms, progression through the cell cycle depends on critically timed appear- 
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ances/disappearances of cyclins and protein phosphorphylation/dephosphorphylation 
events (74). Cyclins are proteins that accumulate and degrade at specific times during the 
phases of the cell cycle and they are required for activation of serine/threonine kinases, 
called cyclin-dependent kinases (CDKs), which regulate phosphorylation of proteins that 
control cell cycle progression. Despite the multiplicity of ligands, receptors, and effectors 
that form signaling pathways, most of the identified pathways converge on a few key 
genes required for G1 progression (75). Most of these key molecules, including D-type 
cyclins, pRb, p16, and p53, are frequently mutated in human tumors. 

Eukaryotic cells respond to DNA damage by eliciting multiple synchronous signals 
that can trigger both repair and apoptotic processes (76). The specific intracellular path- 
ways that trigger apoptosis and suppress DNA repair are unclear; however, one critical 
mediator of the cellular response to DNA damage is the tumor suppressor gene product 
p53, which is linked to cell cycle arrest, DNA repair, and programmed cell death after 
DNA damage due to ionizing radiation (77-79). Among the downstream p53-regulated 
genes is p21 WAF 1, which inhibits cyclin‘/CDK complexes causing cell cycle arrestin G1 
phase (80). 

Because ionizing radiation leads to G1 arrest and apoptosis by a p53-dependent path- 
way, reintroduction of functional wild-type p53 genes into tumor cells is a potential 
strategy to improve radiation sensitivity. Using direct local delivery, recombinant viral 
vectors with wild-type p53 have been successfully reintroduced into tumor cells in pre- 
clinical studies, and this strategy is being evaluated in clinical trials. In a phase I trial, 
intratumoral administration of an adenovirus vector containing wild-type p53 comple- 
mentary DNA was performed on 28 patients with NSCLC (81). Expression of wild-type 
p53 was seen in 46% of patients and two patients achieved partial tumor response. An 
alternative strategy was developed to use viruses to selectively target p53 mutant cells. 
The 55-kDa E1B protein of adenovirus inactivates p53, allowing replication of virus in 
normal cells. Conversely, replication and cytopathogenicity of an E1B, 55-kDa gene- 
attenuated adenovirus, ONYX- 015, is blocked by functional p53 and, therefore this 
attenuated virus selectively replicates and lyses p53 mutant cells without harm to normal 
tissues. This claim to selective cytotoxicity against p53 mutated cells has been disputed, 
as ONYX-015-induced cytotoxicity has also been seen in wild-type p53 tumor cells 
suggesting there may be another mechanism for its antitumor effect (82,83). Nonetheless, 
promising results have been reported from phase II trials in patients with head and neck 
carcinomas. Treatment by intratumoral injections of ONY X-015 either as a single agent 
or in combination with chemotherapy has been well tolerated and objective tumor 
responses have been seen (84—86). Determining whether these approaches will be addi- 
tive to radiotherapy will require further investigation. 

The 7-hydroxy-staurosporine analog UCN-01 is another agent that targets a number 
of serine/threonine kinases that can cause G1 arrest and G2/M checkpoint abrogation. G1 
arrest is associated with the accumulation of the dephosphorylated retinoblastoma pro- 
tein, reduction in expression of cyclin A, and the induction of the CDK-inhibiting pro- 
teins p21 and p27 (87). UCN-01 abrogates the G2 checkpoint by inhibiting Chk-1 kinase 
(88). In preclinical studies, UCN-O1 had potent cytostatic and cytotoxic effects against 
solid and leukemic tumor cell lines as a single agent and in combination with a number 
of DNA damaging agents including radiation (89-94). 

DNA damage-inducible cell cycle checkpoints are complex signal transduction net- 
works that integrate the cellular responses to genotoxic insults by arresting cell cycle 
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progression during the repair of DNA damage or the induction of apoptosis. The integrity 
of these checkpoint pathways is critical for maintenance of genomic stability and cellular 
recovery from genotoxic damage. In in vitro models, loss of the G2/M checkpoint leads 
to an increased sensitivity to DNA-damaging agents, suggesting that small-molecule 
inhibitors of the G2/M checkpoint response might be useful in cancer therapy as radio- 
and chemosensitizing agents. In cells where the G1-phase checkpointis not active because 
of p53 inactivation, irradiated cells accumulate in G2 phase because the G2 checkpoint 
is mediated by the inactivation of cyclin B/cdc2 by wee1 kinase. In contrast, UCN-01 
induces the activation of cyclin B/cdc2 and thus promotes cells to enter early mitosis with 
the onset of apoptotic cell death (95). 


7. PROMOTORS OF APOPTOSIS 


Tumor propagation requires an imbalance between those processes that promote cell 
proliferation and those that result in programmed cell death. These normally tightly 
controlled death pathways are often deranged in tumor cells due to imbalances in positive 
and negative regulators. Thus, complex interactions among many molecular factors 
determine the delicate balance between cell proliferation and cell death. 

Among the modulators of apoptosis is Bcl-2, which influences the release of cyto- 
chrome C and/or modulates the Apaf1/caspase-9 interaction. Bcl-2 is the founding mem- 
ber of family of anti-apoptotic molecules such as Bcl-X, as well as pro-apoptotic members 
such as Bax and Bcl-X, (96). Cell viability following an apoptotic stimulus is associated 
with the Bcl-2/Bax ratio (97). These same genetic alterations that influence apoptosis 
during tumor development also modulate drug sensitivity and resistance. For example, 
loss of p53 and overexpression of Bcl-2 have been shown to suppress apoptosis induced 
by cytotoxic drugs in certain cancers (98,99). Many forms of drug resistance in cancer 
can be traced to a relative resistance of tumor cells to undergo apoptosis. 

Alterations in proto-oncogenes like Bcl-2 that result in the overexpression of proteins 
are potentially excellent targets for antisense oligonucleotide therapies. Antisense deox- 
yribonucleotides complementary to specific RNA sequences bind and initiate degrada- 
tion of message RNA, preventing the expression of a single, specific gene (100). G3139 
is an 18-mer Bcl-2 antisense oligonucleotide that has been evaluated in patients with low- 
grade non-Hodgkin’s lymphomas, which overexpressed Bcl-2 (1701). It was administered 
as a 2-wk subcutaneous continuous infusion over a dose range of 4.6—147 mg/m7/d. Drug- 
induced hematological toxicity was not seen and nonhematological toxicity included 
transient rise in nonfasting blood glucose levels and local skin reaction. Antitumor effects 
included improvement in symptoms, biochemical parameters, and minimal reductions in 
tumor bulk; however, six of eight patients who were treated with chemotherapy following 
antisense treatment went on to achieve partial remissions suggesting that modulating the 
anti-apoptotic effects of Bcl-2 may increase tumor sensitivity to subsequent cytotoxic 
treatment (102). 

Considering the redundancy of most signaling pathways controlling cell viability and 
proliferation, these new classes of target-specific drugs are likely to be most effective 
when combined with one another or in combination with existing cytotoxic agents. 
Signals that promote proliferation are simultaneously protecting cells from apoptosis. 
If the newer anticancer drugs block proliferation-promoting signals, they may lower the 
apoptosis threshold for cytotoxic agents. Antisense compounds that inhibit Bcl-2 expres- 
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sion and angiogenesis inhibitors that directly and/or indirectly increase tumor cell 
apoptosis may increase tumor sensitivity to radiation and cytotoxic drugs. In fact, there 
is extensive preclinical evidence of synergy between various classes of agents. Identify- 
ing effective combinations among different types of drugs with different mechanisms of 
action adds to the complexity of drug evaluation and it is possible that molecular targeted 
therapies will need to be evaluated in combination regimens even in the absence of single- 
agent anticancer activity. Developing preclinical models that predict for synergy with 
radiation and improved therapeutic index are clearly needed to prioritize agents for 
evaluation in combination with radiotherapy. Efficient clinical development will require 
defining the optimal biologically active dose in combination with radiotherapy, and 
identifying appropriate surrogate phase II efficacy endpoints. Possible surrogate end- 
points include clinical endpoints of response duration or time to progression, possible 
biological endpoints include changes in tumor markers, target inhibition and/or func- 
tional imaging (/03). Ultimately, only phase III trials which show improvements in 
survival or quality of life will prove the value of these agents and the surrogate endpoints 
used to estimate their activity in early clinical trials. 


8. CONCLUSIONS 


Advances in science and biotechnology have created many opportunities to potentially 
prevent, diagnose, and treat cancer. Many new classes of agents are being developed to 
block effects of oncogene products and reinduce functional tumor suppressor proteins. 
In only a few years, the number of potential targets that can be exploited for clinical 
benefit has grown exponentially. Many of these agents appear to behave synergistically 
with radiotherapy and may improve clinical outcome. Given the rapidly expanding num- 
ber of potential targets and agents, better preclinical models which predict how these 
drugs will function in combination with radiation in humans as well as better clinical trial 
designs to efficiently evaluate these agents are urgently needed. 
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1. INTRODUCTION 


The introduction of nonspecific cytotoxic chemotherapeutic agents has provided pal- 
liation of symptoms, increased survival, and sometimes cure in patients with metastatic 
cancer. Unfortunately, patients with metastatic disease that are most likely to receive 
significant survival benefits from chemotherapy include those with less common malig- 
nancies, suchas testis cancer and lymphoid neoplasms. In other more common malignan- 
cies, such as metastatic colon cancer or nonsmall-cell lung cancer (NSCLC), cytotoxic 
chemotherapy serves to palliate symptoms and has little or no role in prolonging life. 
Because of the nonspecific action of most current cytotoxic anticancer drugs, side effects 
such as bone marrow suppression, renal toxicity, and myocardial toxicity can often limit 
a patient’s eligibility for and tolerance to therapy. 

Recently, the development of rationally designed agents that target molecules differ- 
entially expressed in tumor but not in nonmalignant cells have provided new prospects 
for the treatment of common neoplasms such as breast, lung, head and neck, and colon 
carcinomas. Because these agents are in general tumor selective, they are likely to be 
substantially less toxic at clinically effective doses than traditional FDA-approved che- 
motherapeutic drugs (/). Some of the most promising agents include inhibitors of recep- 
tor tyrosine kinases such as HER-2/neu, epidermal growth factor receptor (EGFR, 
HER-1), platelet-derived growth factor receptor (PDGFR), and the vascular endothelial 
growth factor receptors Flk-1/KDR (VEGFR-2) and Flt-1 (VEGFR-1). 
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2. RECEPTOR TYROSINE KINASES 
AND THEIR ROLE IN MALIGNANCY 


Several families of tyrosine kinases have been identified since their initial discovery 
more than 20 yr ago. In general, tyrosine kinases play a fundamental role in normal 
cellular regulatory processes. However, the fact that many cellular proto-oncogenes 
encode for proteins with tyrosine kinase activity as well as the rare presence of 
phosphotyrosine in nontransformed cells, both argue persuasively that tyrosine phos- 
phorylation is an important event in cellular transformation and tumor maintenance. 
Although there are several intracellular tyrosine kinases with oncogenic potential, 
the most novel therapeutic approaches currently in development target transmembrane 
receptor tyrosine kinases, which are vital for the transduction of extracellular signals 
into intracellular responses (2,3). 

Tyrosine kinase receptors exist as transmembrane glycoproteins that are composed of 
three major regions: an amino-terminal extracellular region, a hydrophobic transmem- 
brane region, anda carboxy-terminal intracellular region that contains the tyrosine kinase 
domain and regulatory phosphorylation sites (3,4). The receptor’s ectodomain provides 
the ligand binding site for a range of polypeptides that, upon binding, activate the 
receptor’s tyrosine kinase causing autophosphorylation of the receptor in specific 
C-terminal residues, and the recruitment to those C-terminal phosphotyrosines of spe- 
cific second messengers that activate intracellular signaling pathways involved in 
enhanced proliferation, cell motility, dedifferentiation, and/or survival. 

Most oncogenic receptor tyrosine kinases, such as the EGFR and its homologous recep- 
tor HER-2/neu, are critical in embryological development, normal epithelial cell prolifera- 
tion, and tissue repair processes. However, their overexpression can lead to tumorigenesis 
as well as contribute to tumor progression and metastases (4,5). Alternatively, some tumors 
take advantage of cellular responses in normal adjacent nontumor tissue. Such is the case 
with tumors that overexpress vascular endothelial growth factor (VEGF), a ligand that 
binds to receptors such as Flt-1 (VEGFR-1) and Flk-1/KDR (VEGFR-2). These receptors 
are located on the surface of normal endothelial cells and their activation results in endot- 
helial cell proliferation and migration that leads to the increased neoangiogenesis necessary 
for tumor growth and induction of metastases (6-9). Overexpression of both HER-2 and 
EGER has been established as poor prognostic indicators in women with both early-stage 
and metastatic breast cancer (4,5), and VEGF overexpression has been linked to early 
recurrence and decreased survival in patients with early-stage lung, gastric, breast, and 
ovarian cancers (10-15). Many other tyrosine kinases are also involved in tumor mainte- 
nance and progression and are thus the target of molecular therapies in different stages of 
preclinical and clinical development. In this section, we will focus on the background and 
clinical status of inhibitors of EGFR, HER-2, and VEGER signaling. 


3. TARGETING THE EPIDERMAL 
GROWTH FACTOR RECEPTOR FAMILY 


Both EGFR (HER-1, erbB1) and HER-2/neu (erbB2) are members of a family of 
transmembrane tyrosine kinases that also includes HER-3 (erbB3) and HER-4 (erbB4). 
The ectodomain of each EGFR, HER-3, and HER-4 interacts with a specific set of soluble 
ligands, whereas no ligand has been identified thus far for the orphan HER-2 receptor (4). 
Based on transfection studies with fibroblasts, it is generally accepted that HER-2 is the 
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most transforming of these tyrosine kinases. Binding of ligands to EGFR, HER-3, or 
HER-4 results in the formation of homodimeric and heterodimeric complexes into which 
HER-2? is recruited as a preferred signaling partner. In general, the HER-2-containing 
heterodimers exhibit enhanced stability and a more robust signaling potency (4). Further- 
more, inactivation of HER-2 function has been shown to impair signaling induced by 
activating ligands of EGFR, HER-3, or HER-4, suggesting a critical role for HER-2 in 
the overall function of the HER receptor network. 

Abundant epidemiological data indicate that tumors that overexpress EGFR and/or 
HER-2 exhibit a worse outcome than tumors that do not overexpress these receptors. 
In addition, inhibition of these receptors with monoclonal antibodies has been shown to 
reverse transformation in preclinical models. Moreover, the measurable overexpression 
of EGFR and HER-?2 in tumor diagnostic tissue and the lack of an obvious role for these 
tyrosine kinases in normal host tissues, all together, support the notion that these tumor 
cell surface molecules provide a therapeutic window that can be exploited in the treat- 
ment of carcinomas that overexpress EGFR and/or HER-?2. 


4, CLINICAL TRIALS WITH ANTI-HER-2 STRATEGIES 


Trastuzumab (Herceptin™), a humanized IgG, raised against the ectodomain of HER- 
2, has been one of the first biologic agents available for use in clinical trials in patients 
with HER-2-overexpressing cancers. Preclinical laboratory studies have suggested sev- 
eral possible mechanisms of action. First, binding of the antibody stabilizes HER-2 
homodimer formation and prevents the receptor from interacting with other HER 
coreceptors. Second, antibody binding induces phosphorylation of specific C-terminal 
residues, which recruit chaperon proteins that lead to receptor ubiquitination and degra- 
dation (/6). Third, the antibody reduces cyclin D1 and increases steady-state levels of the 
cyclin-dependent kinase inhibitor p27, leading to cell cycle arrest (17). Fourth, it may 
reduce the expression and secretion of critical angiogenic factors by the cancer cells 
depriving them of an important mechanism for tumor maintenance in vivo (/8). Finally, 
binding of trastuzumab to tumor cells may recruit Fc receptor-expressing immune effec- 
tor cells leading to antibody-dependent cell-mediated cytotoxicity (ADCC) and tumor 
eradication (19). 

Three phase I/II trials were performed to evaluate the safety and tolerability of 
trastuzumab. The drug was given intravenously to ensure consistent delivery and was 
administered on a weekly schedule based on the clearance of the antibody in preclinical 
studies. Trastuzumab was well tolerated with repeated weekly administration of doses 
ranging from 10 to 500 mg. Based on preclinical data showing a synergistic effect with 
the combination of trastuzumab with cisplatin (20), one of the phase II trials utilized 
concomitant trastuzumab plus cisplatin in patients with chemoresistant metastatic breast 
cancer (2/). Adverse events encountered with the combination therapy were similar to 
those previously described with single-agent cisplatin and neither drug affected the phar- 
macokinetic profile of the other one. 

Initial phase I and II trials with trastuzumab were done in patients with metastatic 
breast cancer with documented HER-2 overexpression as measured by immunohis- 
tochemistry. The first phase I/II study reported by Baselga et al. (22) enrolled patients 
heavily pretreated with chemotherapy and demonstrated an objective response rate of 
11%. Side effects were minimal and consisted of occasional fever and chills acutely 
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associated with the intravenous infusion of the antibody. Larger nonrandomized trials 
have validated these results with single-agent response rates of 20% in patients previ- 
ously treated with chemotherapy or hormonal therapy (23) and 40% in patients with no 
prior therapy for metastatic disease (24). In this last study, the median time to tumor 
progression in the responding patients was >18 mo. Preliminary data suggest that the 
clinical responses in these studies were limited to those tumors with the highest immu- 
nohistochemical levels of HER-2 and/or HER-2 gene amplification as measured by 
fluorescent in situ hybridization (25). Adverse events noted in the larger trials included 
rare hypersensitivity reactions and an even rarer, unexpected side effect of reversible 
cardiomyopathy especially in those patients with a prior history of heart disease. 

A recently published randomized phase III trial investigated the combination of stan- 
dard chemotherapy with or without trastuzumab in patients with metastatic breast cancer 
that overexpress HER-2 (26). The trial involved randomization of patients into four 
treatment groups. Those patients who had no history of adjuvant anthracycline were 
randomized to trastuzumab plus adriamycin/cytoxan (AC) or to AC alone. Patients who 
had received previous adjuvant anthracycline therapy were randomized to trastuzumab 
plus paclitaxel or paclitaxel alone. Although higher response rates were seen in patients 
treated with AC plus trastuzumab compared with AC alone (65% vs 42%), there was also 
a significant increase in cardiomyopathy (18% vs 3%) with the combination. Combina- 
tion therapy with paclitaxel also produced higher response rates than single-agent therapy 
(57% vs 25%) with fewer cases of cardiomyopathy (2%). Remarkably, overall survival 
was improved by the addition of trastuzumab compared to those patients treated with 
chemotherapy alone (26). These studies lead to FDA approval for the use of trastuzumab 
as single-agent therapy or in combination with paclitaxel in patients with metastatic 
breast cancer known to overexpress HER-2. Because of the incidence of cardiomyopa- 
thy, combination therapy with anthracyclines was not approved and, although clinically 
effective against metastatic breast cancer, it is considered contraindicated. 

Trastuzumab has recently been combined with vinorelbine with a response rate of 71% 
in a single-arm phase II trial involving patients with HER-2 overexpressing metastatic 
breast cancer (27). In another study, Pegram et al. (21) reported the ability of the antibody 
to sensitize breast tumors previously resistant to chemotherapy to cisplatin. These results 
seem very promising but await validation in larger randomized studies. Randomized 
trials are currently underway to investigate trastuzumab’s role as adjuvant therapy for 
patients with stage I/II breast cancers that overexpress HER-2. Other trials are currently 
investigating trastuzumab’s role in nonbreast malignancies by enrolling patients with 
metastatic lung, prostate, and bladder cancers that overexpress HER-2. Although the 
results of these trials have yet to mature, they represent trastuzumab’s potential for 
therapy in a wide variety of tumor types. Of some concern, however, is the fact that the 
published rates of HER-2 overexpression and/or HER-2 gene amplification are much 
lower in carcinomas other than breast cancer, suggesting that clinical responses to 
Herceptin may be lower in these tumor types. 


5. CLINICAL TRIALS TARGETING THE EGFR (HER-1) 


As for HER-2, preclinical evidence exists to support targeting EGFR (HER-1) witha 
therapeutic intent in epithelial neoplasms. First, the expression of EGF receptors is 
elevated in many epithelial tumors and this overexpression has been associated with poor 
clinical outcome (28). Second, coexpression of high levels of EGFR and its ligands, EGF 
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or TGFa, results in a transformed cellular phenotype. Third, EGFR monoclonal antibodies 
and small-molecule inhibitors of the receptor’s tyrosine kinase have been shown to inhibit 
growth of EGFR-overexpressing cancer cells in culture and in athymic nude mice (29). 

The mouse monoclonal IgG, mAb225 recognizes the ectodomain of the EGFR, com- 
petes for ligand binding, and induces receptor dimerization/downregulation, thus leading 
to inactivation of the receptor’ s tyrosine kinase activity (30). The antibody also induces cell 
cycle arrest and tumor cell apoptosis in preclinical in vitro and in vivo models (3/,32). Initial 
phase I trials of single-dose mAb225 revealed selective tumor localization and drug safety 
profile in doses given up to 300 mg (33). Unfortunately, all patients produced human 
antimouse antibodies (HAMA), which prevented further administration of the drug. 
A chimeric human-to-murine version of mAb225 (IMC C225) was produced in order to 
avert the human immune response and permit the continuous drug delivery that may be 
required for sustained antitumor action. Interestingly, the humanized antibody C225 was 
found to bind to the receptor with a higher affinity than mAb225 and was associated with 
greater antitumor effects against xenografts with high levels of EGFR (34). 

Preliminary safety data have been reported from phase I trials with C225, all in patients 
with locally advanced or metastatic or recurrent tumors of the upper aerodigestive tract 
and with detectable EGFR in tumor tissues as measured by immunohistochemistry (35). 
One published trial investigated the combination of weekly cisplatin in patients with 
chemorefractory NSCLC or head and neck tumors. In this study, intravenous doses of 
200-400 mg/m?/wk resulted in steady-state serum concentrations of C225 that would 
have been predicted to saturate receptors in EGFR-dependent preclinical models and 
were thus judged to be adequate for phase II efficacy studies. Notably, this “optimal 
biological dose” was achieved before any dose-limiting toxicity or before reaching a 
maximally tolerated dose. C225 clearance did not change with the coadministration of 
cisplatin. Antibodies against C225 were detected in only 1 of 52 patients, and there was 
minimal toxicity associated with the antibody alone or the combination (36). Disease 
stabilization was seen in a percentage of patients treated with C225 alone and two partial 
responses were documented in the last trial. Toxicities associated with C225 were in 
general well tolerated and included a 4% risk of grade 3 or 4 allergic reactions, a 2% 
incidence of grade 4 infusion-associated hypersensitivity reaction, and an 80% incidence 
of reversible, sterile folliculitis of the face, upper chest, and/or back. 

Small single-institution trials have demonstrated a higher percentage of complete clini- 
cal responses in patients treated with advanced head and neck cancers treated with C225 
and radiation therapy than would be expected from historical responses to radiation therapy 
alone (37). Currently, ongoing phase II and III trials are studying the effects of C225 in 
combination with either radiation therapy or chemotherapy in patients with nonsmall-cell 
lung, locally advanced head and neck, and metastatic colon cancers. Preclinical studies 
have also demonstrated an additive effect when combining C225 with trastuzumab against 
HER-2-overexpressing breast cancer xenografts, thus providing a rationale for the use of 
combined anti-HER therapy (J. Baselga, personal communication). 

An alternative approach to inhibiting the function of EGFR (HER-1) includes the use 
of small molecules identified by random screening of natural or synthetic compound 
libraries for specific protein kinase inhibitory activities. The selected compounds com- 
pete with ATP for binding to the receptor’s ATP site in the nM range, thus blocking 
activation ofits tyrosine kinase. Most of these reversible tyrosine kinase inhibitors belong 
to various classes of small molecules including dianilinophthalimides, pyrazolo-pyrrolo- 
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pyridopyrimidines, and quinazolines (38). In addition, some irreversible inhibitors bind 
covalently to specific residues in the ATP-binding pocket of the EGFR and may be able 
to achieve a more prolonged half-life inside a tumor cell target (39). 

ZD1839 (Iressa) is an orally active quinazoline that reversibly inhibits ATP binding 
to the receptor’s tyrosine kinase with an in vitro ICs, of 1 uM (40), thus preventing its 
activation and downstream signaling. Therapy with ZD1839 alone produces dose-depen- 
dent growth inhibition and apoptosis in human ovarian, breast, and colon cancer cell lines 
which coexpress EGFR and TGFa. Growth inhibition and induction of apoptosis are both 
enhanced when ZD1839 is combined with cytotoxic drugs such as cisplatin, paclitaxel, 
doxorubicin, and etoposide in the above mentioned cell lines. These effects have also 
been validated in xenograft models and do not seem to require high levels of HER-1 
(EGFR) expression for antitumor activity (41). Whether ZD1839 and other tyrosine 
kinase inhibitors work preferentially on EGFR that are activated by autocrine/paracrine 
ligands regardless of EGFR levels is a question with important clinical implications that 
requires further investigation. 

Phase I trials have evaluated both intermittent administration (14 d of treatment fol- 
lowed by 14 d of observation) and continuous delivery (once daily for 28 d) of ZD1839. 
Oral dosing ranged from 50 to 1000 mg/d. Patients were eligible if they had tumors known 
to express EGFR (HER-1) such as NSCLC, breast, colon, ovarian, prostate, and head and 
neck cancers. Both schedules of administration were well tolerated with minor toxicities 
such as grade 1-2 skin rash, nausea, vomiting, and diarrhea. Dose-limiting toxicity was 
grade 3 diarrhea, which occurred at doses =700 mg/d. Although not a primary endpoint 
for these studies, objective responses as well as disease stabilization, especially in patients 
with NSCLC, were seen at several dose levels and were frequently associated with 
improvement of disease-related symptoms (42,43). 

Currently, large randomized trials in patients with NSCLC, prostate cancer, and blad- 
der cancer are testing whether ZD1839 alters the response rate, time to tumor progression, 
and toxicity of standard chemotherapy. Preclinical laboratory data have indicated that 
ZD1839 is synergistic with ionizing radiation against breast cancer cell lines (44). Pre- 
liminary data suggest that ZD1839 alone is also effective against HER-2-overexpressing 
breast cancer cells that also express EGFR and has an additive effect against these cells 
when combined with trastuzumab (45). These observations imply a possible role for 
small molecule EGFR tyrosine kinase inhibitors in patients with breast cancer whose 
tumors overexpress HER-2. 


6. RATIONALE FOR AND CLINICAL TRIALS 
WITH INHIBITORS OF ANGIOGENESIS 


In addition to endogenous signaling pathways in tumor cells, tumor—host interactions 
also contribute to cancer progression. It is well established that the formation of new 
blood vessels, as a result of tumor-to-host cell crosstalk, is essential for the growth of 
primary and metastatic tumors (7,46). Several receptor tyrosine kinases present in endot- 
helial cells have been implicated in the endothelial cell migration and proliferation 
required for tumor-associated neoangiogenesis. As mentioned previously, VEGF and its 
associated receptors Flt-1 (VEGFR-1) and Flk-1 (VEGFR-2) are essential in generating 
neovascularization required for tumor growth and metastases. 
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Both receptors have seven immunoglobulin-like domains in their extracellular region, 
a single-membrane-spanning domain, and an intracellular split tyrosine kinase domain 
(47). Ligands binding to these receptors, which are located predominantly in endothelial 
cells, induces upregulation of proteases, increases vascular permeability, and induces 
endothelial cell migration and proliferation (48—50). Preclinical experiments have indi- 
cated a direct causal link between VEGF activity and tumor angiogenesis. Initially, anti- 
VEGF antibodies were found to suppress tumor growth in human tumor xenograft models 
(51). Next it was reported that retrovirus-mediated expression of a dominant negative 
Flk-1 (VEGFR-2) mutant also suppressed tumor growth in nude mice (52). Furthermore, 
antibodies against the Flk-1 (VEGFR-2) receptor also suppressed tumor angiogenesis 
and tumor growth (53). Finally, small-molecule inhibitors of the VEGEFR tyrosine kinase 
inhibited neovascularization and tumor growth (54,55). 

Clinical evidence also suggests an important role for VEGF in human tumor angiogen- 
esis. First, VEGF m-RNA and VEGF protein are upregulated in a majority of human 
tumors when analyzed by in situ RNA hybridization or immunohistochemistry (56). 
Second, quantitative analysis of tumor biopsy specimens has shown that VEGF 
overexpression is associated with a poorer prognosis and diminished survival (/0—15,46). 
Lastly, VEGF is highly expressed in ischemic cells proximal to areas of tumor necrosis, 
suggesting that angiogenesis is an important survival mechanism to overcome hypoxia- 
induced tumor cell death (57). 

Clinical trials are now underway to determine the role of several new compounds that 
target the tyrosine kinases involved in tumor neoangiogenesis, particularly FIk-1 
(VEGFR-2) and Flt-1 (VEGFR-1). The rationale to support these novel approaches is 
robust. First, in the adult, new vessel formation is limited to ovulation, wound healing, 
and neoplastic tissues, leading to a potentially tumor-selective mechanism of action. 
Second, unlike traditional chemotherapeutic agents, these drugs do not damage DNA and 
target normal endothelial cells which lack the genetic plasticity and mutagenesis that 
usually leads to drug resistance in cancer cells, suggesting that resistance to anti-angio- 
genesis drugs may not occur rapidly in solid tumors (58). 

Initial efforts to inhibit angiogenesis focused on inhibition of the VEGF ligand with 
monoclonal antibodies to impede VEGFR activation. More recently, novel small-mol- 
ecule VEGER tyrosine kinase inhibitors have been introduced. SU5416 is a 3-substituted 
indolin-2-one that was found to potently inhibit FIk-1 (VEGFR-2), Flt-1 (VEGFR-1), and 
PDGER tyrosine kinases (54). SU5416 inhibits VEGF-induced mitogenesis of human 
endothelial cells but had no effect on tumor cell growth in vitro. On the contrary, intra- 
peritoneal administration of 25/mg/kg/d of SU5416 was found to have antitumor activity 
against a large panel of human xenografts in athymic nude mice (54). 

Phase I studies with SU5416 continue to accrue heavily pretreated patients with a 
variety of tumor types. These trials have shown a favorable toxicity profile with docu- 
mented cases of reduction in tumor size or stabilization of disease. Dose-limiting toxicity 
has been defined as headache with projectile vomiting, which occurred at a dose level of 
190 mg/m?/iv (59). Current recommended phase II dosing for SU5416 is 145 mg/m?/iv 
twice weekly. Oral inhibitors of VEGF receptor tyrosine kinases, such as SU6668 and 
ZD6474, have also demonstrated promising results in preclinical experiments (60). Early 
reports of phase I trials with SU6668, an oral analog of SU5416, have revealed favorable 
toxicity profiles with some reports of disease stabilization (6/). 


346 Moulder and Arteaga 





The study of the effects of aberrant signal transduction in malignancy has lead to a 
broad new field of biologically targeted therapy in oncology. The recent development of 
rationally designed agents that target tumor-specific tyrosine kinases offer the option of 
selective therapy that is likely to be substantially less toxic at clinically effective doses 
than traditional cytotoxic chemotherapy. Although these drugs offer new opportunities 
for target-based therapy, many of the pathways they affect, such as angiogenesis and cell 
cycle regulation, are involved in tumor growth, thus traditional clinical endpoints such 
as tumor response rates may not serve as accurate measurements of drug activity. Addi- 
tionally, their dose—-toxicity relationships are likely to be less steep than those of the 
nonspecific chemotherapeutic agents, thereby rendering such concepts as maximum 
tolerated dose less meaningful than alternatives such as the optimal biologic dose or the 
biologically effective dose (/). In short, the development of rationally designed tyrosine 
kinase-based anticancer therapies has resulted in an exciting and clinically challenging 
future for oncologic research. 
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1. INTRODUCTION 


Lung cancer is a worldwide problem. In the United States, less than 15% of people 
presenting with lung cancer survive 5 yr. Early-stage lung cancer (Stage I and II) is 
curable with surgery. Unfortunately, the majority of patients present with locoregion- 
ally advanced (Stage III) or metastatic (Stage IV) lung cancer, which is seldom curable 
with surgery alone. Multimodality approaches with conventional therapies have been 
developed combining surgery, chemotherapy, and radiation therapy to improve sur- 
vival. Unfortunately, despite these strategies, the 3-yr survival rates for patients with 
Stage III disease are still only 20% dropping to less than 5% for Stage IV patients. 
Additionally, many of the lung cancer patients now in treatment have failed currently 
available multimodality strategies, often because their tumors have proven remarkably 
resistant to the effects of radiation or chemotherapy. Although some progress has been 
made in combining conventional therapies, the increased toxicity is often unacceptable 
and median survival of nonsmall-cell lung cancer (NSCLC) patients has not markedly 
improved (/). The identification of novel, less toxic cancer therapy strategies is there- 
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fore critical to improve on current treatment strategies, and it is becoming increasingly 
clear that rational development of these new therapies will depend on our understand- 
ing of the molecular biology of tumors. 


2. GENETIC BASIS OF LUNG CANCER 


Inrecent years it has become apparent that cancer is caused by mutations in DNA. Most 
malignant tumors are found to have several mutations that have occurred sequentially 
over time, eventually leading to transformation to the malignant phenotype. On first 
examination, the genetic link to cancer appears too complicated to exploit for therapeutic 
purposes. Analysis of tumor cell DNA reveals that different cancers as well as individual 
patients present varied genetic profiles. Further analysis, though, has uncovered some 
types of gene alterations that, although not expressed in all cancers, show up ina signifi- 
cant subset of patients. 

The gene families most commonly implicated in the etiology of common cancers are 
the oncogenes and tumor suppressor genes. The protein products of these genes are 
critical to the cellular machinery that is responsible for the normal processes of signal 
transduction, DNA transcription, cell division, cell cycle arrest, and programmed cell 
death or apoptosis. The improper functioning of each of these processes plays a role 
in cancer. Thus, gene therapy strategies that inactivate critical oncogenes or replace 
critical tumor suppressor genes may lead to tumor regression by reversion of the 
malignant phenotype. 

The p53 gene is one of the most commonly mutated genes in all cancers and is felt 
to be a critical tumor suppressor gene (2). The gene is mutated in 50-70% of patients 
with lung cancer. Additionally, in a large proportion of cases in which there is no 
mutation, p53 is inactivated through binding by high levels of Mdm-2 protein or is 
functionally inactive because downstream genes such as the pro-apoptotic Bcl-2 fam- 
ily members which p53 transactivates are mutated or transcriptionally inactive (3). 
There is also evidence that the E6 protein of human papilloma virus can bind to and 
inactivate p53 protein (4). It has therefore been suggested that almost all lung cancer 
cells are p53 defective and potentially targeted by gene transfer approaches with wild- 
type p53. 

The protein product of the p53 gene is a transcription factor with DNA binding capa- 
bilities that is responsible for the repair of damaged DNA, or the induction of apoptosis 
when repair is not appropriate or is not accomplished. Because the wild-type p53 gene 
transactivates multiple other genes involved in growth control, gene therapy strategies 
designed to replace defective p53 genes have the potential to suppress multiple genes 
driving the malignant cell toward uncontrolled cell growth and proliferation. Gene trans- 
fer of a single critical gene such as wild-type p53 may therefore be able to offset multiple 
genetic mutations in the malignant cell. 

Another potential clinical benefit of transferring wild-type p53 is that only tumor 
cells appear to contain mutated or defective p53 gene copies whereas normal cells 
continue to contain the wild-type p53 genes. This allows a unique therapeutic window 
in which the gene transfer of wild-type p53 induces apoptosis or cellular growth inhi- 
bition in tumor cells although leaving normal cells unaffected. Unlike conventional 
agents such as radiation therapy or chemotherapy where normal cells are also affected, 
wild-type p53 gene transfer has the potential of being a selective therapeutic modality 
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allowing it to be given alone or in combination with conventional agents in a relatively 
nontoxic fashion. 


3. GENE TRANSFER TECHNIQUES 


The concept of gene therapy is based on the simple premise of transferring a gene into 
acell and having the transduced cell express the transferred gene. Various techniques are 
available to transfer genes into a cell, and can be broadly classified into viral and nonviral 
delivery systems. At the present time there is no perfect gene transfer technique. Each 
technique has its own inherent advantages and limitations. Because adenoviral delivery 
systems are some of the most commonly used especially in clinical trials, we will focus 
on this technology and explore the potential advantages and limitations of this technique 
for wild-type p53 gene transfer in lung cancer. 


4, ADENOVIRAL DELIVERY SYSTEMS 


In contrast to nonviral delivery systems, viral vectors have shown much higher trans- 
duction efficiencies both in vitro and in vivo, which allows the potential for large-scale 
clinical trials. Recombinant adenovirus vectors are among the most popular delivery 
systems because they are easy to produce in vitro and can transduce nonreplicating cells 
safely and efficiently. Gene transfer is accomplished by creating adenovirus recombi- 
nants. The first generation adenoviral vectors, which are the most common type cur- 
rently being used in lung cancer gene therapy trials, lack the E1 region of the viral 
genome. Into the E1 region the wild-type p53 gene was inserted in conjunction with a 
cytomegalovirus (CMV) promoter to drive protein production. Because the E1 region 
is critical for replication, the E1-deleted adenoviral recombinants (Ad-p53 alternatively 
called Ad-CMVp53) are capable of infecting cells but not replicating. Even though viral 
replication does not occur, the transferred gene is still expressed, leading to foreign 
protein production (i.e., wild-type p53) in the transduced cell. 

The replication-incompetent adenoviral recombinant markedly increases the effi- 
ciency of gene transfer by enhancing cellular uptake and transcription of the transferred 
gene. Following transduction with Ad-p53 in vitro and in vivo in lung cancer cells, a 
burst of wild-type p53 gene expression occurs that peaks at 3 d and drops off dramati- 
cally over the next 2 wk. Ad-p53 gene therapy strategies that utilize El-deleted aden- 
ovirus recombinants must therefore take into account that gene expression is only 
transient and that high levels of transferred gene product are not present indefinitely 
probably requiring repeated deliveries for significant antitumoral activity. Delivery of 
the Ad-p53 vector is most efficient when performed by direct intratumoral injection. 
Systemic delivery suffers from much lower transduction efficiency in the target tumors 
because the vector is delivered throughout the body and tends to concentrate in certain 
organs such as the liver. Also of concern is the potential immune response to viral 
vectors. Preclinical studies in an immunocompetent mouse model have demonstrated 
increased tumor regression and transgene expression despite elevated levels of circu- 
lating antiviral antibodies (5). Other studies, however, have demonstrated cellular and 
humoral immune responses to adenoviral vectors (6). Because a single dose of Ad-p53 
is unlikely to be effective, one major question for preliminary clinical lung cancer trials 
was the ability to repeatedly give Ad-p53 doses safely and effectively in the face of 
augmented cellular and humoral responses. 
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5. p53 GENE TRANSFER IN LUNG CANCER 
5.1. Preclinical Studies 


Antitumor activity after p53 gene transfer has been demonstrated in preclinical studies 
in vitro and in vivo, in both immunodeficient and immunocompetent animal models. 
Fujiwara and colleagues (7) demonstrated a therapeutic effect in an orthotopic lung 
cancer model transduced with a retroviral wild-type p53 expression vector. Zhang (8) 
achieved high-level gene transfer and expression using an adenoviral p53 (Ad-p53) con- 
struct. Additionally, the growth of human lung cancer cells bearing multiple genetic 
lesions is suppressed by the introduction of wild-type p53 genes but not by mutated p53 
genes (9) or control genes such as Actin suggesting the antitumoral effect is owing to the 
transfer of the wild-type p53 gene rather than the adenoviral vector. The mechanism of 
cytotoxicity after Ad-p53 gene transfer appeared to be due in large part to the induction 
of programmed cell death or apoptosis in part by upregulation of pro-apoptotic genes 
such as Bak, Bax, and Fas and downregulation of anti-apoptotic genes such as Bcl-2 (10). 
Unlike normal cells, cancer cells appear “primed” to undergo apoptosis after Ad-p53 gene 
transfer leading to a selective therapeutic advantage. 

During the course of the preclinical studies, a major concern was that only a small 
number of cells would be transduced in vivo, thereby limiting the therapeutic effect. 
The discovery by Fujiwara (7); however, that viral vectors readily penetrate three-dimen- 
sional cancer cell matrices indicated that therapeutic genes would likely spread beyond 
the intratumoral injection site. Ad-p53 gene transfer also induced significant “bystander” 
killing in which wild-type p53 transduced cells mediated the killing of surrounding cells 
that had not themselves been transduced, possibly by mechanisms involving inhibition 
of angiogenesis (71,12) or induction of soluble Fas protein (/3), which traffic to neigh- 
boring cells. These preclinical observations all contributed to the pool of evidence dem- 
onstrating the feasibility of human clinical gene replacement trials in lung cancer patients 
through a strategy of a single intratumoral injection. 


6. PRELIMINARY CLINICAL TRIALS 
WITH p53 GENE TRANSFER IN LUNG CANCER 


6.1. Retroviral p53 Gene Transfer in NSCLC 


The first clinical trial involving transfer of wild-type p53 into lung cancer used a 
retroviral vector containing a wild-type p53 cDNA driven by a B-actin promoter that had 
been inserted into a modified LNSX retroviral vector. In the trial, retroviral wild-type p53 
supernatant was directly injected into endobronchial tumors under bronchoscopic guid- 
ance in four patients and CT guidance in five patients (four with chest wall tumors and 
one with an adrenal metastasis) (/4). The presence of wild-type p53 was demonstrated 
in the biopsied tumor specimens of three patients by DNA amplification via the poly- 
merase chain reaction (PCR). Antitumor activity was demonstrated in six of seven 
evaluable posttreatment tumor biopsies by terminal deoxynucleotidyl transferase (TT)- 
mediated biotin dUTP nick end-labeling (TUNEL) staining for apoptotic cells. In addi- 
tion, three of seven evaluable patients showed evidence of tumor regression. This 
preliminary trial demonstrated the feasibility and safety of gene therapy strategies based 
on the restoration of wild-type p53 gene function in advanced NSCLC. The use of 
retroviral vector in large-scale clinical trials was limited, however, by the inability to 
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achieve high titers of virus (>107) and by the cumbersome need for a packaging cell line 
to produce retroviral vector on a large scale. 


6.2. Adenoviral p53 Gene Transfer in NSCLC 


Because of the limitations of retroviral constructs, the clinical efficacy of adenoviral 
vectors containing wild-type p53 (Ad-p53) was evaluated. The advantage of adeno- 
viral vectors was that they could be produced at substantially higher viral titers 
(>10!? viral particles) than retroviral vectors and could transduce both replicating and 
nonreplicating lung cancer cells at high efficiency with high levels of transgene protein. 
Adenoviral vectors do not integrate into the genome (they are maintained episomally for 
several cell divisions) and expression is therefore transient, necessitating multiple doses. 
Additionally, preclinical data suggested multiple doses of Ad-p53 might elicit a humoral 
and cellular response to adenoviral antigens leading potentially to decreasing p53 gene 
transfer and clinical side effects. The questions of safety and efficacy of repeated 
intratumoral Ad-p53 gene transfer was therefore critical in the initial Ad-p53 gene therapy 
trial in lung cancer. 

The initial Phase I clinical trial performed at M. D. Anderson Cancer Center (15) 
utilized a first generation adenovirus vector containing wild-type p53 complementary 
DNA (Ad-p53, INGN 201) in 28 patients with NSCLC whose tumors had failed to 
respond to conventional therapy. The Ad-p53 vector was a replication-defective adenovi- 
rus serotype 5 vector, carrying a human p53 expression cassette consisting of the CMV 
promoter, human wild-type p53 cDNA, and the SV40 polyadenylation signal in place of 
the adenoviral E1 region. This study directly injected primary or metastatic lesions via 
bronchoscopy or computed tomography (CT) guidance. These treatments were repeated 
monthly up to 6 mo if there was no progression noted. Doses were escalated from 10° 
plaque forming units (pfu); approx 107 viral particles (vp) to 10!! pfu (10! vp) in cohorts 
of 3. All tumors were biopsied 3 d after injection to assess gene transduction, p53 mRNA 
expression and apoptosis induction. Clinical responses of the injected lesion were assessed 
by monthly CT scans. The first important finding of this study was that multiple doses 
of Ad-p53 (INGN 201) could be safely administered in patients with advanced metastatic 
NSCLC. A total of 84 doses were administered to 28 patients with 56 of the doses repeated 
injections (up to six monthly). Despite sharp rises in neutralizing anti-adenovirus anti- 
body levels after the first dose (16,17), vector-related adverse events were minimal. 
There were no anaphylactic reactions or episodes and only one grade 3 vector-related 
adverse event. All other vector-related toxic effects were grade 1 or 2 and consisted 
primarily of transient fevers and chills treated with antipyretics. Repeated delivery of the 
vector by CT guidance or bronchoscopy was also feasible with six pneumothoraces 
observed during 84 injections. These pneumothoraces were able to be treated by obser- 
vation in four patients and percutaneous pigtail catheter placement in two patients. The 
other most common adverse event was injection site pain in 13 out of 84 injections, which 
was successfully treated with analgesics and resolved within 24—48 h in the majority of 
cases. Because of the low toxicity, the last 10 patients were treated as outpatients without 
problems. The second important observation of this trial was that intratumoral delivery 
of Ad-p53 (INGN 201) resulted in wild-type p53 gene transfer in the injected tumor even 
in the face of neutralizing levels of anti-adenovirus antibody. Vector-specific primers 
that incorporated flanking regions of the adenovirus were used to ensure detection of 
adenovirally transferred p53 mRNA rather than native p53. Gene transfer appeared to be 
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dose dependent and could still be seen even with neutralizing anti-adenovirus antibodies 
present in the circulation. The third important finding of this study was that anti-tumoral 
activity was noted following Ad-p53 gene transfer. Despite the fact that all patients had 
failed conventional therapy, 2/28 patients (7%) demonstrated a greater than 50% reduc- 
tion in tumor size and 16/28 patients (57%) demonstrated stabilization of disease for 
periods of 2 to 24 mo off all other therapy. A prolonged time to progression was also noted 
in patients treated at the higher dose of Ad-p53 vector (INGN 201) suggesting a relation- 
ship to gene transfer. It was also important to note that both patients who responded to 
therapy continued to regress after multiple doses despite elevated antiadenoviral antibod- 
ies. The mechanism of antitumor activity was assessed by evaluation of tumor biopsies 
obtained 3 d after treatment. These demonstrated increased TUNEL activity in 11 of 
24 evaluable patients suggesting the induction of programmed cell death or apoptosis 
presumably through p53 induction of pro-apoptotic pathways. Although immune-medi- 
ated responses have been reported after adenovirus treatment (7), no significant increase 
in inflammatory cell infiltrate in posttreatment tumor biopsies was noted. Increases in 
cell-mediated immunity were noted in the peripheral blood to adenoviral antigens, but 
this was not demonstrated intratumorally (/6). 

Schuler et al. (18) performed a Phase I study in 15 patients with Stage IIIB or IV 
NSCLC. A single intratumoral injection of Ad-p53 (SCH 58500) was performed by 
bronchoscopy or CT guidance and was begun at 10’ pfu (7.5 x 10!° vp) escalating to 10!° 
pfu (7.5 x 10! vp). Noclinically significant toxicity was observed and successful transfer 
of wild-type p53 was demonstrated in posttreatment biopsies of six patients. Transient 
local disease control was observed in four of the six patients that had demonstrated wild- 
type p53 gene transfer. This study demonstrated that intratumoral injection of Ad-p53 
(SCH 58500) was feasible and resulted in successful gene transfer at higher doses of 
Ad-p53. Perhaps because only one injection was performed and gene expression is tran- 
sient with Ad-p53 gene transfer, clinical responses were sustained only for short periods. 


6.3. Adenoviral p53 Gene Transfer with Chemotherapy in NSCLC 


The Phase I studies with Ad-p53 alone demonstrated low toxicity possibly because of 
the tumor selective nature of action of wild-type p53 as opposed to conventional anti- 
tumor agents. Several clinical limitations were also identified with Ad-p53 alone. First, 
not all patients responded to Ad-p53. Second, perhaps because of the locoregional deliv- 
ery, antitumor activity in systemic noninjected metastases was not observed. The clinical 
implications of this observation are that Ad-p53 may require treatment in conjunction 
with other conventional agents to enhance response. The potential use of Ad-p53 in 
combination with chemotherapy agents is supported by preclinical studies which dem- 
onstrate that the antitumor effects of p53 gene transfer are enhanced by combined treat- 
ment with cisplatin, paclitaxel, CPT-11, 5-fluorouracil, and doxorubicin (19-22). 
Because toxicity with Ad-p53 is low, this may be a reasonable strategy especially if 
Ad-p53 does not increase chemotherapy related toxicity. Another potential advantage of 
combining Ad-p53 with chemotherapeutic agents is that it may allow treatment of distant 
as well as local disease. 

Because of the preclinical observations, Nemunaitis et al. completed a Phase I trial of 
Ad-p53 gene transfer in sequence with cisplatin in 24 NSCLC patients (23). Intravenous 
cisplatin was administered on d 1 and the Ad-p53 (INGN 201) vector was administered 
on d4 by intratumoral CT or bronchoscopic injection. Up to a total of six monthly courses 
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of treatment were carried out if toxicity or progression was not observed. The most 
common adverse effect attributable to Ad-p53 treatment was fever, which occurred in 8 
of 24 patients and was transient and self-limiting. This mild toxicity was not dose depen- 
dent. Following treatment, seventeen patients remained stable, two (both treated 
endobronchially) achieved partial responses, four continued to have progressive disease, 
and one was unevaluable due to progressive disease. Both patients achieving partial 
responses had previously shown progression on platinum-based chemotherapy combina- 
tions. Of the seven patients who received Ad-p53 at endobronchial sites, five achieved 
reduction in the tumor mass to an extent that bronchial obstruction was relieved. Analysis 
of apoptosis in tumor biopsies from patients able to provide biopsies, showed an increased 
number of apoptotic cells (by the TUNEL assay) in 79% of the patients, a decrease 
in apoptosis in 7% of patients, and no change in the remaining 14%. Cisplatin alone has 
been shown to induce apoptosis to a small degree, but Ad-p53 (INGN 201) or the 
combination of Ad-p53 (INGN 201) and cisplatin, showed significantly more killing. 
This study suggested that antitumor strategies combining Ad-p53 (INGN 201) with che- 
motherapy are feasible and potentially beneficial. 

Schuler et al. recently completed a Phase II study in metastatic NSCLC evaluating 
three cycles of carboplatin (AUC 6) plus paclitaxel (175 mg/m?) or cisplatin (100 mg/m?) 
plus vinorelbine (25 mg/m?) in combination with 7.5 x 10!” vp of Ad-p53 (SCH 58500) 
ond 1 ofeach cycle (24). Twenty-five patients were entered in the study and patients were 
required to have two lesions so that comparisons could be made (one which was injected 
and one which was observed). The first finding of this study was that the combination of 
these conventional chemotherapy agents and Ad-p53 (SCH 58500) resulted in minimal 
vector-related toxicity (fever, nausea, fatigue, and injection site pain) and no increase in 
chemotherapy-related adverse events. Additionally, mean local tumor regression as 
measured by size was greater in the injected lesion compared to the control lesion espe- 
cially with the cisplatin and vinorelbine regimen. Overall response rates and survival 
were not significantly different, but this may have been because of the small number of 
patients and the multiple regimens in the trial. 

The implication of these trials is that the combination of Ad-p53 and chemotherapy 
agents does not significantly increase overall toxicity and may be a reasonable strat- 
egy to pursue if therapeutic benefit can be demonstrated by the combination in ran- 
domized trials. 


6.4. Adenoviral p53 Gene Transfer with Radiation Therapy in NSCLC 


At the present time, delivery of Ad-p53 requires direct injection into the tumor with 
guidance by bronchoscopy or CT scan. This delivery system allows high concentrations 
of vector to be administered in and around the injected tumor but it is not able to target 
micrometastatic disease. Another strategy therefore would be to combine Ad-p53 with 
radiation therapy to try to enhance locoregional control without increasing toxicity. 
Currently, despite improvements in radiation and chemoradiation, the locoregional con- 
trol of locally advanced NSCLC remains poor. One- and 2-yr pathologic control rates 
following radiation or chemoradiation are estimated to be less than 20% (25). Preclinical 
studies with Ad-p53 indicate that delivery of wild-type p53 to p53-deficient cells, in both 
in vitro and in vivo models, increases tumor sensitivity to ionizing radiation (26-29). 
Because of these preclinical results, we evaluated the potential impact of Ad-p53 (INGN 
201) in combination with radiation in a Phase II trial (30). This trial was designed for 
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locoregionally advanced, nonmetastatic patients who could not tolerate chemoradiation 
because of age, comorbidities, or completely obstructed bronchi. Additionally, patients 
with localized disease who were unable to tolerate resection because of poor pulmonary 
function were also eligible. The trial focused on a biopsy 3 mo following treatment to 
determine pathologic control rates. Patients were treated with three intratumoral injec- 
tions of Ad-p53 (INGN 201) ond 1, 18 and 32 in conjunction with radiation therapy 
(60 Gy). Ad-p53 (INGN 201) doses were escalated from 3 x 10!! to 3 x 10!? vp and were 
injected directly into the primary tumor by bronchoscopy or CT guidance. Of the first 
16 patients entered, 13 patients underwent 61 CT-guided biopsies or injections with 
13 pneumothoraces. All pneumothoraces were managed as outpatients with observation 
(8 patients) or percutaneous pleural catheter (5 patients). No treatment-related mortality 
was observed and most patients were successfully treated as outpatients. Pathologic 
negative biopsies were noted in 8 out of 11 biopsied patients suggesting a high pathologic 
control rate at the primary tumor. One-year progression-free survival was 45.5% with 
most failures occurring because of metastatic progression rather than local failure (30). 
Additionally, multiple biopsies were performed throughout the study and were evaluated 
with quantitative DNA and RT-PCR for changes in p53 and p53-regulated genes (Bak, 
MDM 2, p21, and Fas). These biopsies demonstrated that there was a dramatic rise in 
wild-type p53 DNA and mRNA, 24 h after gene transfer with associated increases in 
expression of the p53-regulated genes Bak, p21, and MDM 2 but not Fas (31). 

This study shows that Ad-p53 (INGN 201) can be given in conjunction with radiation 
therapy in a group of high risk patients with low toxicity in an outpatient setting. The high 
negative pathologic control rate is encouraging but the continued metastatic failure 
emphasizes the need to combine Ad-p53 (INGN 201) in the future with chemotherapy 
agents to try to address the distant disease. 


6.5. Future Role of Adenoviral p53 Gene Transfer 
with Conventional Agents in NSCLC 


The clinical advantages of Ad-p53 are its tumor-selective mechanism of action and low 
toxicity profile that allow combinations with conventional chemotherapy and radiation 
therapy. The limitations are the locoregional delivery and inability to target metastatic 
disease. Clearly, early-stage patients who cannot tolerate surgery because of poor pulmo- 
nary function or other comorbidities and would be treated with radiation therapy alone 
may represent a subset that would benefit from the addition of Ad-p53 to radiation 
therapy. 

The locoregional delivery and efficacy limit the potential therapeutic benefit of 
Ad-p53 in metastatic Stage IV NSCLC patients except perhaps in a palliative role with 
low-dose radiation therapy. Currently, ECOG is evaluating the feasibility of Ad-p53 
(INGN 201) in combination with 30 Gy of radiation therapy for recurrent or previously 
radiated NSCLC. This trial initiated by Choy is the first Ad-p53 study to be performed 
in a cooperative group setting. 

The role of Ad-p53 in locally advanced NSCLC (Stage IID needs to be further inves- 
tigated. Although, metastatic disease plays a major role in determining survival in locally 
advanced NSCLC, there are several randomized studies which demonstrate that improved 
survival in Stage III NSCLC can be achieved with improved locoregional control. 
Saunders et al. (32) demonstrated that increased daily fractions of radiation in locally 
advanced NSCLC led to improved survival, although Schaake-Konig et al. (33) demon- 
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strated that radiation sensitizing doses of chemotherapy improved survival by enhanced 
local control. Another therapeutic strategy therefore for Ad-p53 would be to improve 
locoregional control by combining Ad-p53 with concurrent or sequential chemoradiation. 
The low toxicity profile of Ad-p53 might allow combinations with concurrent or sequen- 
tial chemoradiation to further improve long-term survival benefits achieved with 
improved locoregional control. We plan to evaluate this strategy in an upcoming randomized 
Phase III study which will randomize high performance, unresectable Stage HI NSCLC 
patients to concurrent chemoradiation vs concurrent chemoradiation and Ad-p53. 


7. CONCLUSIONS 


The poor overall survival of lung cancer patients treated with conventional therapies 
(surgery, radiation therapy, and chemotherapy) mandate novel approaches to treatment. Gene 
therapy strategies may ultimately lead to a new class of agents that target molecular abnor- 
malities in lung cancer cells. At the present time, however, clinical trials utilizing gene therapy 
strategies are just beginning. Preliminary results from ongoing gene therapy trials suggest that 
toxicity is minimal and randomized Phase III studies are needed to determine potential 
survival benefits. In the future, such novel treatment strategies may complement conventional 
therapies and help to improve overall survival rates for patients with lung cancer. 
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1. INTRODUCTION 


The controversy surrounding the use of antiangiogenic agents during radiotherapy is 
based upon the concern that the resulting hypoxia will impair tumor response to radiation 
(1). Tumor hypoxiais a therapeutic problem, as it makes solid tumors resistant to sparsely 
ionizing radiation and some forms of chemotherapy. Hypoxia also may increase the 
percentage of tumor cells in G1, resulting in greater resistance to therapy. Recent clinical 
studies suggest hypoxia can enhance malignant progression and increase aggressiveness 
through clonal selection and genome changes. In addition, hypoxia is an independent 
prognostic factor in cervix cancers, carcinomas of the head and neck, and soft-tissue 
sarcomas. Despite these concerns, recent preclinical studies have suggested that 
antiangiogenic agents enhance tumor control in response to fractionated irradiation. 
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2. RESPONSE OF TUMOR BLOOD VESSELS 
TO IONIZING RADIATION 


The concept of the tumor microvasculature as a therapeutic target during radiotherapy 
can be supported by studies correlating the radiation response of tumor blood vessels to 
tumor regression. The response of tumor microvasculature to radiation is dependent upon 
the dose and time interval after treatment (2—8). Tumor blood flow does not decrease 
unless high doses of 20-45 Gy are delivered (2). However, blood volume increases if 
doses below 500 rad are administered (6,8). Blood flow studies (interstitial Xe clearance) 
of irradiated mouse sarcoma show that blood flow increases within 3-7 d (6). Mostrecent 
studies suggest this delayed increase in tumor blood flow may be in part due to radiation- 
induced vascular endothelial growth factor (VEGF) expression (9). 

Previous studies of tumor blood vessel response to radiation have relied upon the 
clearance of Xe and the quantity of RBCs (Cr-59) within tumors following treatment with 
radiation (3,6,8). Currently available methods allow direct, longitudinal observation of 
tumor blood volume and blood flow (10,11). More recent models include the tumor 
vascular window (//), power Doppler sonography (/0), and histologic evaluation of 
tumor blood vessels (72,13). These models permit characterization of the dose-depen- 
dent response in tumor blood vessels. 

Power Doppler sonography displays the amplitude of the Doppler signal but lacks the 
velocity and directional information present in frequency-based color Doppler 
sonography (/0). However, power Doppler is more sensitive in the depiction of tumor 
vascularity (14—16), specifically within small tumor vessels (170,17). The hind limb tumor 
model and power Doppler can be utilized to measure the response of tumor blood vessels 
to radiation, providing longitudinal assessment of microvascular response within the 
same tumor without the need to section tumors for histology at various time intervals. 

Power Doppler has been used to study the response of tumor blood vessels to ionizing 
radiation by utilizing amplitude to measure flow in microvasculature. For example, 
B16F0 melanoma, Lewis lung carcinoma (LLC), and GL261 glioma tumors were 
implanted in the hindlimb of C57BL6 mice, and D54 was implanted into nude mice. 
Tumors were grown to 1 cm in diameter and then irradiated with 2, 3, 6, or 10 Gy. Doppler 
analysis of tumor blood flow was performed on d 3 and 7. Figure 1 shows representative 
color Doppler images at d 3 of GL261 tumors treated with 0, 3, and 10 Gy. The flow in 
each pixel (power-weighted pixel) was accumulated to compare dose- and tumor-depen- 
dent changes in tumor blood flow over time. Figure 2 shows the dose-dependent tumor 
blood flow of all tumor models at d 3 after irradiation. Blood flow increased in all tumors 
receiving 2—3 Gy (Figs. 1B and 2), which is the fractionation scheme used during con- 
ventional radiotherapy. Doses used for stereotactic radiosurgery, intraoperative radio- 
therapy, and high-dose-rate (HDR) brachytherapy (6—10 Gy) resulted in a reduction in 
blood flow in all tumor types. 


3. TUMOR VASCULAR WINDOW MODEL 


The dorsal skin fold window model allows direct observation of tumor microvascu- 
lature (71). This model also permits longitudinal assessment of the tumor vascular 
response to therapy. An accurate systematic measurement of tumor blood vessels in 
the window model is the linear summation of blood vessels using Optimas software. 
This approach corrects for vascular dilation and hemorrhage. Quantification of red 
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Fig. 1.GL261 and B16F0 tumor cell lines were pelleted and implanted into the hind limb of CS7BL6 
mice. Tumors were grown to diameters ranging from 0.7—1.1 cm and were irradiated. The vascu- 
lature of tumors was analyzed by power Doppler analysis. Shown are representative images 
acquired from power Doppler imaging of G1261 hindlimb tumors after 3 and 6 Gy irradiation. 
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Fig. 2. Power weighted pixels Doppler (PWPD). Bar graph showing the change in GL261 and 
B1F60 tumor vascularity as measured by power Doppler after irradiation. The changes are com- 
pared with the vascularity of tumors measured immediately before irradiation. 
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pixels does not correlate with the manual counting of blood vessels in the microscopic 
field, because an increase in vascular diameter produces an increase in the number of 
pixels due to a dilatation of blood vessels, but not due to an increase in the number of blood 
vessels. Recent studies utilize linear summation of blood vessels in the window, corre- 
lating with results from histologic sections and Doppler blood flow studies of tumors 
following treatment. 

The tumor vascular window model allows for measurement of tumor vascularity by 
use of fluorescent and light microscopy. A window is placed over the dorsal skin fold of 
a mouse and tumors are implanted within the window to allow microscopic visualization 
of tumor blood vessels (Fig. 3). The vascular window model facilitates direct measure- 
ment of the vascular response to ionizing radiation in several tumor models. Radiation 
induces dose- and time-dependent injury to tumor blood vessels within the window. 
Figure 3 shows blood vessels within GL261 (A and B) and B16F0 (C and D) implanted 
into the dorsal skin fold window model. Blood vessels developed over 1 wk, at which time 
they were treated with ionizing radiation. Figure 3E shows that the radioresistant GL261 
tumor vessels had a minimal response to 6 Gy, whereas the radiosensitive B16F0 tumors 
showed elimination of microvasculature in response to 3 Gy. 

The dose-dependent response of tumor blood vessels to radiation has been studied 
using the window model in C57BL6 mice. Tumor blood vessels were quantified by the 
use of vascular length density measurements using Optimas software, which quantifies 
the number of vessels showing fluorescent contrast (18) or hemoglobin, for either 
fluorescent or light microscopy, respectively. The quantification of tumor blood ves- 
sels within B16F0 melanoma tumor showed increased vasculature following treatment 
with 2 Gy. Treatment with 3 Gy reduced tumor vascularity within 48 h, while 6 Gy 
induced vascular obliteration within 24 h. Likewise, blood vessels within the GL261 
glioma showed increased vascularity in response to 3 Gy. These preliminary results 
indicate the tumor vascular window is a useful method to study the role of tumor 
microvasculature in the host-tumor interaction. In Aims 1-3, the vascular window 
model will be utilized to study the role of Flk-1 receptor signaling in the resistance 
phenotype of tumor blood vessels. 


4. GROWTH FACTORS CONTRIBUTE 
TO ENHANCED ENDOTHELIAL CELL VIABILITY 


Growth factors contributing to enhanced endothelial cell viability include PDGF, FGF 
(19), VEGF (9), and EGER. These growth factors bind to their respective receptors on the 
vascular endothelium. These receptors are tyrosine kinases (RTKs) that activate multiple 
signal transduction cascades within the endothelium. The signaling pathways mediate 
cell viability and proliferation through the induction of gene expression. Enhanced 
viability protects cells from radiation-induced cytotoxicity, and proliferation contributes 
to repopulation of injured cells. Therefore, new strategies to modify the radiation response 
include protection of normal endothelium by RTK agonists and reduced viability of 
irradiated tumor endothelium by RTK antagonists. 

VEGF increases in tumors resistant to treatment such as malignant gliomas, and 
expression is also associated with worsened prognosis (20). Blocking antibodies to VEGF 
have been shown to reduce angiogenesis in these receptors (2/). In addition, systemic 
administration of EGFR antibody with local radiation to SCC tumor xenografts demon- 
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Fig. 3. The dorsal ventral window frame was applied to the skin fold of the flank of C57 BL6 mice 
after removal of the epidermis. Tumor cell lines GL261 and B16F0 were pelleted and implanted 
into the window skin fold. Angiogenesis into the implanted tumor occurred over the course of 
7 d and were photographed by microscopy before irradiation (0 h). The same vascular windows 
were photographed daily. Shown are representative photographs of x40 magnification of G1261 
tumor vascular window models at 0h (A) and 72h (B) after treatment with 6 Gy. Vascular windows 
of B16F0 are shown at 0 h (C) and 72 h (D) after treatment with 3 Gy. (E) The length of tumor 
blood vessels photographed from the vascular window was summed on each of the days following 
irradiation. Changes in a quantity of blood vessels over time was compared with that observed at 
0 h. Shown is the mean and SE of five experiments examining change in vascular length density 
in the dorsal window after irradiation of implanted tumors. 


strates enhanced radiation response and inhibition of expression of tumor angiogenesis 
markers including VEGF (22). 

VEGF binds to endothelial receptors Flt-1 and Flk-1 to activate a signal transduction 
cascade (Fig. 4). Neutralizing antibodies to Flk-1 inhibit angiogenesis (2/). This inhibi- 
tion of angiogenesis is most effective in glioblastoma xenographs and also reduces tumor 
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Fig. 4. VEGF binds to the Ig-like binding domain ligand of Flk-1, activating the intracellular 
tyrosine kinase domain and instigating a signal transduction cascade that leads to angiogenesis. 


growth in several tumor models. A single chain antibody isolated from phage display 
library binds specifically to the extracellular domain of Flk-1 (23). This antibody blocks 
the interaction between VEGF and FIk-1 and inhibits VEGF-stimulated activation of 
MAP kinase and P44/P42 of human endothelial cells (23). These antibodies also neutral- 
ize VEGF-induced mitogenesis of human endothelial cells. These studies indicate 
Flk-1 is a receptor that activates proliferation of endothelial cells. Anti- VEGF antibody 
prolongs the growth delay achieved by radiation (9). Endothelial cell proliferation and 
survival after in vitro irradiation are enhanced by supplementation of VEGF (9). Anti- 
VEGF antibody enhances cytotoxic effects of irradiation in endothelial cells, and aug- 
ments tumor radiation response under hypoxic and normoxic conditions (24). 

The importance of signal transduction through the VEGF receptors is illustrated by use 
of the truncated forms of receptors sFlt-1 and sFlk-1. These proteins bind to VEGF and 
sequester this ligand prior to its binding to cellular receptor (11,25). These receptors also 
function as dominant negatives by forming inactive heterodimers with membrane-span- 
ning VEGF receptors (26). These specific inhibitors of VEGF prevent the mitogenic and 
migratory response of endothelial cells to VEGF. These studies show that VEGF-R1 
(Flt-1) does not mediate a mitogenic or survival response in endothelial cells (20). 
Experimental designs can therefore focus on FIk-1, whereas Flt-1 will serve as an alter- 
native hypothesis to VEGF-mediated signaling in tumor endothelium. 

VEGF-R2 (Flk-1/KDR) has a tyrosine kinase cytoplasmic domain that initiates signal 
transduction through multiple pathways (20,27). Anti- VEGF R2 antibody decreases the 
dose of radiation needed to control small cell lung carcinoma and glioblastoma multiforme 
xenografts in mice (28). The survival activity achieved by VEGF in the absence of serum 
may involve signal transduction through PI3-kinase since specific inhibitors of this kinase, 
LY294002 and Wortmannin, prevent this survival response (29). This study also shows 
that VEGF induces phosphorylation of the serine-threonine kinase, Akt, in a PI3-kinase 
dependent manner. Constitutively active Aktis sufficient to promote the survival response 
of serum-starved endothelial cells, whereas the dominant negative form of Akt blocks 
survival effect of VEGF (29). The role of Akt kinase and the survival response is sup- 
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ported by a study showing FIk-1 signaling through Akt kinase and Bcl-2 in a PI3 kinase- 
dependent manner (30). In similar studies, PI3-kinase inhibition prevents Akt activation 
by VEGF-stimulated endothelial cells and dominant negative to Akt decreases endothe- 
lial cell viability response to VEGF (29,31). 

The VEGF-survival phenotype in endothelial cells is mediated by binding to the 
Flk-1/KDR receptor (32,33). A potent and selective inhibitor of FlIk-1/KDR blocks 
tyrosine kinase catalysis and inhibits tumor vascularization in growth (34,35). The effec- 
tiveness of this Flk-1 inhibitor has been studied in gliomas (36). This study suggests that 
inhibition of Flk-1 controls growth and progression of the angiogenesis-dependent neo- 
plasms. A second FIk-1 antagonist is soluble Flk-1 receptor, which sequesters unbound 
VEGF, thereby preventing FIk-1 activation (//). Preliminary data show that this signal- 
ing pathway generated by FIk-1 activation enhances the radiation response in tumor 
blood vessels. 


5. APOPTOSIS OF VASCULAR ENDOTHELIAL CELLS 


VEGF prolongs the survival of human endothelial cells, which is associated with 
increased expression of the anti-apoptotic protein Bcl-2 (29,37,38). Enhanced endothe- 
lial cell survival is associated with a dose-dependent increase in Bcl-2 expression and 
decrease in expression of the processed forms of caspase-3 (37). In addition to a 5.2-fold 
induction of Bcl-2 by VEGF, there is a 2.4-fold induction of Al (29). Over expression 
of Bcl-2 in HUVEC prevents apoptotic cell death in the absence of VEGF (29). The 
signaling pathway required for VEGF inducing Bcl-2 expression includes the PI3 
kinase-Akt/PKB signaling pathway (38). This study shows that VEGF upregulates mem- 
bers of the anti-apoptotic proteins, inhibitors of apoptosis (IAP), in endothelial cells. 
VEGF stimulation leads to an induction of XIAP by threefold and survivin by 19-fold 
in HUVEC. Moreover, the VEGF-dependent upregulation of survivin is prevented by 
growth arrest indicating that the survival and mitotic functions of VEGF are more 
intrinsically related than previously anticipated (38). Studies of the anti-apoptotic path- 
way in irradiated endothelial cells have also demonstrated the importance of PI3 kinase/ 
Akt/Bad pathway (39). 

Expression of catalytically active mutants of Akt promotes the expression of Bcl-2 
and c-Myc and inhibits apoptosis induced by cytokine deprivation. Bcl-2 interacts with 
several partners as well as itself. The ability to protect cells from activation of the 
caspase machinery is critically dependent upon the ratio of anti-apoptotic Bcl-2 like 
factors (Bcl-2, Bcl-XL, Mcl-1, and Bag) to pro-apoptotic factors (such as Bcl-XS, Bax, 
Bad, and Bak). These latter proteins can stabilize the protective effects of the Bcl-2 
factors by dimerization. Bad is regulated by phosphorylation at two serine residues, 
Ser!!? and Ser!*° (40,41). Phosphorylation of Bad is accompanied by association of the 
protein with 14-3-3 proteins, which recognize phosphoserine in the context of specific 
amino acid sequences (42). Under these circumstances Bad phosphorylation correlates 
with survival, and agents that induce modification of Ser!!? and Ser!*° should provide 
a survival signal. 

Akt is a downstream target of PI-3K activation (43—45). PI-3K phosphorylates 
phosphoinositides (PtdIns) at the 3-position of the inositol ring, generating PtdIns3P, 
PtdIns(3,4)P., and PtdIns(3,4,5)P3. The studies that elucidated these mechanisms were 
primarily based on the observation that growth-factor-induced Akt activation could be 
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completely blocked by addition of Wortmannin, an inhibitor of PI-3K, and that growth- 
factor-receptor point mutations that prevent the activation of PI-3K also inhibit Akt. 

Akt activity is induced in a PI-3K-dependent manner immediately suggesting that the 
phosphorylated lipid products of PI-3K mediate the activation. Incubation of purified Akt 
with purified 3-phosphorylated phospholipids results in various extents of activation 
(44,46). These lipids, such as PtdIns3P, PtdIns(3,4)P>, and PtdIns(3,4,5)P3, specifically 
associate with PH domains in a number of proteins (47). Furthermore, co-transfection of 
a dominant-negative form of PI-3K (delta-p85) also inhibits Akt activation (43). It was 
later shown that introduction of constitutively active mutants of the catalytic subunit of 
PI-3K was sufficient to activate Akt in cells (46,48). These studies strongly implicate 
Akt as a downstream effector of growth-factor-stimulated PI-3K activation in a variety 
of cell types. 


6. ANTIANGIOGENIC AGENTS 
ENHANCE TUMOR CONTROL BY IONIZING RADIATION 


Angiogenesis, the development of new blood vessels, is critical for human tumor 
growth. A single tumor blood vessel may feed as many as 10,000 tumor cells (49,50). 
Tumor blood vessel endothelium is derived from genetically stable host cell endothe- 
lium and is unlikely to acquire resistance to antineoplastic therapy (51). Antiangiogenic 
agents have been investigated as antineoplastic therapy in numerous preclinical trials. 
For example, antiintegrin alpha vs beta 3 inhibits breast cancer growth and angiogen- 
esis in human skin (52). Monoclonal antibody specific for vascular endothelial growth 
factor blocks human tumor growth in murine models (53). The addition of tetra- 
hydrocortisol, beta-cyclodextrin tetradecasulfate, and minocycline to standard cyto- 
toxic treatment suppresses LLC growth (54). TNP-470 alone or in association with 
minocycline represses murine FsalIC fibrosarcoma and LLC growth in vivo when 
combined with cyclophosphamide (55). TNP-470 also enhances the antitumor effect 
of ionizing radiation (IR) and prevents acute microvascular damage after IR in glio- 
blastoma xenografts (56), but provides no benefit for growth delay in tumor size when 
used in combination with combretastatin A-4 phosphate in rhabdomyosarcoma 
xenografts (57). Furthermore, angiostatin and endostatin induce tumor dormancy in 
murine systems (58,59). Statistical analysis of these preclinical trials reveals 
antiangiogenic therapy stabilizes neoplastic disease when used alone or concurrently 
with standard cytotoxic treatment. Investigators are currently testing antiangiogenic 
agents in combination with IR as antineoplastic therapy. 

The antiangiogenic isocoumarin, NM-3, is cytotoxic to endothelial cells (HUVECs) 
but not to LLC cells or Seg-1, esophageal adenocarcinoma cells, in clonogenic survival 
assays. When HUVEC cultures are treated with NM-3 combined with IR, additive cyto- 
toxicity is observed. In addition, the combination of NM-3 and IR inhibits HUVEC 
migration to a greater extent than either treatment alone. The effects of treatment with 
NM-3 and IR have also been evaluated in tumor model systems. C57BL/6 female 
mice bearing LLC tumors were given injections for four consecutive days with NM-3 
(25 mg/kg/d) and treated with IR (20 Gy) for two consecutive days. Combined treatment 
with NM-3 and IR significantly reduced mean tumor volume compared with either treat- 
ment alone. Importantly, no increase in systemic or local tissue toxicity was observed 
after combined treatment (NM-3 and IR) when compared with IR alone. The bio- 
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availability and nontoxic profile of NM-3 suggests the efficacy of this agent should be 
tested in clinical radiotherapy (60). 

Combined treatment with endostatin and radiation produces tumor growth inhibition 
in SQ20B and LLC tumors. By d 35, tumors receiving combined treatment with endostatin 
and IR are 47% smaller than tumors treated with endostatin alone. Histologic analyses 
demonstrate a reduction in microvascular density after combined treatment with 
endostatin and IR compared with endostatin treatment alone. Survival analyses confirm 
interactive cytotoxicity between endostatin and IR in both human aortic endothelial cells 
and human umbilical vein endothelial cells, but not in SQ-20B tumor cells. Combined 
treatment with endostatin and IR produce an increase in endothelial cell apoptosis com- 
pared with either treatment alone. The tumor regression observed after combined treat- 
ment with endostatin and IR suggests additive antitumor effects in both human and 
murine tumors. Importantly, the concentrations of endostatin employed produce little 
tumor regression when endostatin is employed as a single agent. The results from the 
clonogenic and apoptosis assays support the hypothesis that the endothelial compartment 
is the target for the endostatin/IR interaction (61). 

Angiostatin, a proteolytic fragment of plasminogen that was first isolated from the 
serum and urine of tumor-bearing mice, inhibits angiogenesis and thereby growth of 
primary and metastatic tumors (62). Radiotherapy has been combined with angiostatin 
to target tumor vasculature that is genetically stable and therefore less likely to develop 
resistance. The results show an antitumor interaction between IR and angiostatin for four 
distinct tumor types at doses of radiation used in radiotherapy. The combination produces 
no increase in toxicity toward normal tissue. In vitro studies show radiation and angiostatin 
have combined cytotoxic effects on endothelial cells, but not tumor cells. In vivo studies 
show these agents, in combination, target the tumor vasculature. These results provide 
support for combining IR with angiostatin to improve tumor eradication without increas- 
ing deleterious effects (63). 


7. ANTAGONISTS OF RECEPTOR TYROSINE KINASES 
ENHANCE THERAPEUTIC RESPONSE TO RADIATION 


To determine whether FIk-1 kinase inhibitors enhance radiation cytotoxicity, com- 
pound SU5416 kinases have been utilized (34-36). SU5416 alone given as a single 
0.75 mg intraperitoneal injection achieves a dose-dependent reduction in tumor blood 
vessels. The combination of subtherapeutic doses of radiation (2 Gy) with a minimally 
therapeutic dosage of SU5416 helps determine whether radiation responses can be modi- 
fied by FIk-1 inhibition. B16F0, LLC, and GL261 tumors were implanted in the dorsal 
skin fold window in C57BL6 mice and angiogenesis was observed for 1 wk. Tumors 
treated with 2 Gy alone showed no vascular response to radiation. SU5416 showed a 
minimal regression of blood vessels and rapid restoration of vasculature. SU5416 admin- 
istered 1 h prior to irradiation markedly enhanced the radiation effect with destruction of 
tumor blood vessels within 24 h of treatment. Assessment of blood vessels within the 
windows showed increased vascular destruction when tumors were treated with SU5416 
prior to irradiation. The enhancement of the vasculitic effects of radiation was observed 
in all tumor models. The significance of these findings is that SU5416 alone has subop- 
timal therapeutic effect. However, when the endothelium is entirely destroyed in com- 
bination with radiation, the biological response is more pronounced and persistent. 
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Fig. 5. Doppler blood flow of tumors on the indicated day after treatment with 6 Gy. Restoration 
of blood occurs in all tumors except those treated with Flk-1 antagonist SU5416 twice weekly for 
2 wk (SU). 


To determine whether inhibition of Flk-1-mediated signal transduction also enhances 
the cytotoxic effects of radiotherapy in established GL261 tumors, power Doppler can be 
used to quantify blood flow in 1 cm tumor models treated with Flk-1 inhibitors and 
radiation. GL261 tumors were selected because their vasculature is most resistant to 
radiation and these tumors require large radiation doses to achieve regression (64,65). 
Animal models were then treated with a minimally effective dosage of SU5416 (0.75 mg) 
administered by intraperitoneal injection at 1 h prior to irradiation. SU5416 was injected 
every other fraction for a total of three doses. Tumors were treated with a minimally 
effective dose of 3 Gy per fraction given as six fractions to 18 Gy totalin 10 d. Blood flow 
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was quantified by power Doppler on d 4 and 7. Radiation alone and SU5416 alone 
achieved minimal reduction in tumor blood flow. Tumors treated with SU5416 1 h prior 
to irradiation showed significant reduction in tumor blood flow as compared to either 
agent alone (Fig. 5). These blood flow studies support the hypothesis that Flk-1-mediated 
signal transduction contributes to the resistance of tumor blood vessels to IR. The Flk-1- 
mediated survival phenotype has been shown to require the PI3 kinase/Akt pathway, 
which mediates Bcl-2 expression (37,66) and Bad phosphorylation. This signaling path- 
way thereby prevents the activation of intrinsic cell death mechanisms. 

To determine whether Flk-1 antagonist enhances radiation-induced tumor volume 
regression, G1261 glioma and LLC tumor models have been studied. Tumor bearing 
mice were treated with radiation using 3 Gy/d and three daily fractions/week for 2 wk. 
Mice received SU5416 0.75mg by intraperitoneal injection, administered 1 h prior to 
irradiation during fractions 1, 3, 4, and 6. Control mice received identical doses and 
schedule of either SU5416 alone or radiation alone. Tumors treated with radiation alone 
showed minimal growth delay. SU5416 alone achieved no growth delay in these tumors. 
However, the combination of SU5416 followed by radiation caused initial tumor regres- 
sion and significant growth delay (Fig. 6). The schedule of administration of SU5416 was 
based upon the assumption that FIk-1 activity predetermines the tumor blood vessel 
survival phenotype. 


8. ENDOTHELIAL REPAIR 


A signal transduction pathway distinct from Akt regulates endothelial cell migration 
and motility (67). VEGF prevents regression of capillary formation through the MAP 
kinase pathway but not the Akt signaling pathway (67). A similar finding is that VEGF 
activates the protein kinase C-dependent Raf-MEK-MAPK kinase pathway resulting in 
DNA synthesis in endothelial cells (68). This study also shows that Ras is not activated 
in this pathway. PKC-specific inhibitors reduce MEK phosphorylation and activation of 
MAP kinase. Unlike the Akt pathway, MEK signaling pathway is independent of PI3 
kinase. This finding is supported by studies showing that MAP kinase P42/P44 phospho- 
rylation occurs in VEGF stimulated endothelial cells. 

CD34+ endothelial progenitor cells (EPCs) isolated from human peripheral blood 
differentiate into endothelial cells (69,70). These progenitor cells develop foci of 
neovascularization in ischemic limbs at 4 wk after injection (70). These circulating EPCs 
increase in sickle cell patients following ischemic episodes (7/). Signal transduction 
through VEGF participates in differentiation of pluripotent stem cells into endothelial 
cells (72). FIk-1 receptors also participate in migration of these cells into ischemic tissue 
(73). To determine the origin of these circulating EPCs, bone marrow stem cells contain- 
ing the Lac Zreporter gene have been transplanted into tumor-bearing mice showing that 
EPCs from bone marrow origin are incorporated into tumor neovascularization (69). 
VEGF increases the percentage of pluripotent hematopoietic stem cells staining positive 
for CD34 and FIk-1 (74), including circulating stem cells. 

Investigators hypothesize that the Flk-1-mediated signaling pathway also contrib- 
utes to vascular repair following tumor irradiation. This hypothesis is supported by the 
findings that VEGF is induced by IR and that blocking antibodies to VEGF enhances 
tumor control in irradiated tumors (9). As shown in Fig. 7, radiation-induced destruc- 
tion of tumor vasculature resolves following irradiation. The study of vasculature by 
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Fig. 6. GL261 tumor volume curves after treatment with SU5416 with or without radiation. GL261 
cells were pelleted and implanted into the hind limb of C57BL6 mice. Tumors were grown to 
diameters ranging from 5-7 mm, at which time treatment was initiated (d 0). Tumor volumes were 
measured at the indicated time points for each of the treatment groups. Mice were sacrificed when 
tumor volume exceeded six times the original tumor volume. Control mice received no therapy. 
SU5416 was administered at 0.75 mg by ip injection given twice per week for a total of four 
treatments on d 0, 4, 7, and 11. Radiation was administered as 3-Gy fractions on eight occasions 
on days 0, 1,2, and 3. (A) Shown are the mean and SE of six animals treated in each of the treatment 
groups. (B) A second group of 40 mice was studied, and 10 mice were stratified into the four 
treatment groups (control, radiation, SU5416 and radiation + SU5416). Shown are the mean and 
SE of 10 animals treated in each of the treatment groups. 


both tumor windows shows both prevent regrowth of blood vessels into tumors. Dop- 
pler blood flow studies of GL261 glioblastoma tumors show blood flow increases on 
d 5 and 7 (Fig. 7). SU5416 eliminates this increase in tumor blood flow during radio- 
therapy of the GL261 models. 
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Fig. 7. Bar graph of blood flow vs time following irradiation. Radiation-induced destruction of 
tumor vasculature resolves following irradiation, except when SU5416 is administered 
concurrently. 


9. GENE THERAPY APPROACH TO ANGIOLYTIC 
AND ANGIOSTATIC THERAPY IN CANCER 


9.1. VEGF Antagonist Gene Therapy 
Enhances the Radiation Effect in Tumor Blood Vessels 


The VEGF receptor, Flk-1, is a receptor tyrosine kinase that is specifically inhibited 
by the dominant negative expression of the mutant form of the receptor (soluble 
Flk-1) as previously described (77). The soluble Flk-1 receptoris constructed by fusing 
the extracellular domain of murine flk-1 to the 6-histidine tag at the COOH terminus 
(ExFlk.6His). ExFlk.6His blocks activation of Flk-1 and forms heterodimers with 
endogenous cell surface Flk-1 in the presence of VEGF (11). ExFlk.6His also inhibits 
VEGF-induced DNA synthesis and migration in HUVEC. To determine whether 
ExFlk.6His can inhibit angiogenesis in the dorsal tumor vascular window model, 
Ad.ExFlk.6His has been administered to mice by tail vein. Tumor blood vessels in 
GL261, B16F0, and LLC have been studied by use of the dorsal skin fold window 
model in C57BL6 mice. Tumors were implanted within the window and tumor blood 
vessels developed within 1 wk. Ad.ExFlk.6His was administered to the tumor bearing 
mice at 5 x 108 pfu. Vascular regression was visualized by use of the dorsal skin fold 
window model. Subtherapeutic doses of radiation (2 Gy) were given 16 h after a 
minimally therapeutic dosage of Ad.ExFlk.6His (2 x 108 pfu). The time course of 
vascular regression following treatment was studied. This showed that 2 Gy alone 
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Fig. 8. (A) Soluble Flk-1 receptor enhances the response of tumor blood to radiation. GL261 and 
B16F0 tumors were implanted into the dorsal skin fold window following the development of 
tumor vasculature over the course of 1 wk; the adenovirus vector encoding the soluble FIk-1 
(Ad. Ex Flk) was administered by tail vein injection. GL261 and B16FO tumors implanted into 
vascular windows were treated with Ad. Ex Flk alone, radiation and control vector Ad. LacZ, or 
a combination Ad. Ex Flk, followed by radiation 24 h later. The vascular length density was 
summed and compared with the same blood vessels immediately before treatment. Changes in 
treated blood vessels were compared with the same blood vessels before treatment (100%). Shown 
are the mean and SE of changes in vascularity at 72 h after treatment. (B) Response of tumor blood 
vessels to Flk- 1 antagonist SU5416 and irradiation. GL261 and B 16F0 tumors were implanted into 
the dorsal skin fold window, and angiogenesis developed over the course of 1 wk. Blood vessels 
were photographed at the time of treatment (0 h) and then daily after treatment. Changes in the 
summed length of all blood vessels were determined and compared with that of the same blood 
vessels before treatment. Shown are the mean and SE of changes in tumor vascularity. 


achieved no vascular regression (Fig. 8). Ad.ExFlk.6His alone at 2 x 108 pfu achieved 
minimal regression of tumor blood vessels, whereas the Ad.ExFlk.6His administered 
16 h prior to irradiation resulted in regression of tumor blood vessels at a rate analogous 
to treatment with 6 Gy. 


9.2. Radiation Combined with TNF Gene Therapy 
Induces Vascular Obliteration 


Ionizing radiation induces von Willebrand factor expression (75), and promotes 
platelet aggregation (76). Radiation enhances platelet adhesion to the extracellular 
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Fig. 9. Graph shows the logarithm of relative tumor volume as a function of days after treatment. 
Growth of tumors treated with adenovirus vector (dark square) or with radiation therapy (dark 
triangle) is diminished relative to that in the control group (light circle). Tumors receiving com- 
bined treatment (dark diamond) decreased in size over time. Error bars = SD. 


matrix by an increase in the release of von Willebrand factor by endothelial cells (77). 
Platelet aggregation can result in obliteration of tumor vasculature (/3). Radiation 
therapy alone, however, is often unsuccessful in treating tumors because of tumor cell 
resistance to radiation. Tumor necrosis factor (TNF) is a biological response modifier 
with antiangiogenic properties (79). The combination of TNF and radiation therapy 
produces occlusion of tumor microvessels without significant damage to normal tis- 
sues (80). 

To study the effects of TNF gene therapy on tumor blood flow, mouse tumors have 
been treated with attenuated adenovirus containing TNF therapeutic gene (Ad. TNF). The 
control tumors continued to grow over time. Tumors treated with Ad. TNF alone pla- 
teaued 3 d following treatment. Tumors treated with radiation therapy alone decreased 
in size after 9 d. Tumors treated with both radiation therapy and TNF decreased in size 
below baseline after 9 d (Fig. 9) (81). All tumors demonstrated neovascularity on power 
Doppler sonography. In all cases the majority of the color area was in the periphery of 
the tumor. The central portions of the tumor appeared relatively anechoic (Fig. 10). Color 
area of the total tumor decreased to 37% of control in mice treated with radiation therapy 
alone, 26% of control in mice treated with tumor necrosis factor alone, and 7.8% of 
control in those treated with both tumor necrosis factor and radiation. The combined 
treatment group showed a decrease to 25% of the average of the single-treatment groups. 
Because of the visible differences between the central and peripheral zones, similar 
analyses were performed on these areas. Similar trends were found in both the central and 
peripheral regions. In the peripheral region, color area decreased to 40% of control 
following radiation therapy, 28% of control following TNF, and 8% of control following 
combination therapy. The combined treatment group showed a decrease to 24% of the 
average of the single treatment groups. In the central region color area decreased to 26% 
of control following radiation therapy, 18% of control following TNF, and 7% of control 
following combination therapy. The combined treatment group showed a decrease to 
32% of the average of the single treatment groups. 
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Fig. 10. Representative power Doppler US images from (A) tumors in the control group, 
(B) tumors treated with TNF, (C) tumors treated with radiation therapy, and (D) tumors 
receiving combined TNF and radiation therapy. Depicted blood vessels are greatest in the periph- 
ery of the tumors (arrowheads in A). Treatment with radiation alone or TNF alone results in a 
decrease in depicted blood vessels. Combined therapy results in a greater decrease in depicted 
blood vessels. 


Ad.TNF gene therapy is presently in clinical trials in patients receiving radiotherapy. 
An open-label, phase I, dose-escalation study of tumor necrosis factor-alpha (TNFerade) 
gene transfer with radiation therapy for locally advanced, recurrent, or metastatic solid 
tumors is currently accruing patients and has several endpoints (82), including toxicity 
and tolerable dose. Pharmacokinetics will be evaluated and biological correlates will 
determine the histologic response to therapy. 
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1. INTRODUCTION 


A significant amount of clinical research has been conducted with small molecules that 
inhibit matrix metalloproteinases (MMP), metal-containing enzymes that degrade the 
extracellular matrix and are implicated in tumor progression and angiogenesis (/—3). 
The majority of matrix metalloproteinase inhibitors (MMPIs) are designed with a con- 
cept similar to protease inhibitors used in the treatment of acquired immunodeficiency 
syndrome. MMPIs are currently under development for the treatment of a variety of 
diseases most notably cancer (3). Unlike conventional chemotherapy or radiation therapy, 
MMPIs are expected to slow tumor growth and prolong survival without causing detect- 
able shrinkage of tumors. Because MMPIs are predicted to slow tumor growth but not 
shrink tumors, clinical development is not guided purely by objective tumor responses; 
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proving the therapeutic value of these molecules will therefore require randomized pla- 
cebo-controlled trials with assessment of the impact of drug treatment compared to 
placebo. Proof that these compounds are effective cytostatic agents will require 
demonstrating a survival advantage when compared to a placebo in a randomized, con- 
trolled trial. 

Additionally, MMPIs are not expected to replace currently used, proven-effective 
modalities of cancer treatment such as radiotherapy, hormonal/chemotherapy, or sur- 
gery. It is predicted that they will be clinically developed for use in combination with 
these agents. As expected, given nonoverlapping toxicities and differing mechanisms of 
action, MMPIs have been combined preclinically with radiation therapy (4), cytotoxic 
(5-9), resultant additive or supraadditive efficacy. With these data in mind, the ability to 
combine an MMPI with radiation therapy, chemotherapy, and hormonal therapy may 
become an important feature in the ultimate clinical success of these agents. 


2. BACKGROUND 


There is no “proof” currently that MMPIs as aclass will prolong the survival of patients 
with cancer. Currently, three randomized trials of MMPIs have reported survival data: 
BAY 12-9566 vs gemcitabine in locally advanced or metastatic pancreatic cancer (/0), 
marimastat vs gemcitabine in locally advanced or metastatic pancreatic cancer (//), and 
marimastat vs placebo in locally advanced or metastatic gastric cancer (12). 

The first trial, PA1 (70), conducted by the National Cancer Institute of Canada, ran- 
domized 277 patients with previously untreated unresectable, recurrent or metastatic 
pancreatic cancer to BAY 12-9566 at 800 mg po bid or gemcitabine given at standard 
doses. The trial was closed prematurely after a planned interim analysis demonstrated a 
significant difference in overall survival. The 1-yr overall survival for patients random- 
ized to BAY 12-9566 was 10% compared to a 1-yr overall survival of 25% for patients 
randomized to standard-dose gemcitabine (p = 0.0001). While BAY 12-9566 was clearly 
inferior to gemcitabine, it is important to interpret this survival result in the context of 
previous trials of gemcitabine in metastatic pancreatic cancer. The pivotal trial of 
gemcitabine randomized 126 patients with locally advanced or metastatic pancreatic 
cancer to 5-fluorouracil (5-FU) or gemcitabine. The 1-yr overall survival for patients 
randomized to 5-FU was 2% compared to a 1-yr overall survival of 18% for patients 
randomized to standard-dose gemcitabine (p = 0.0009). Thus, a 10% 1-yr survival rate 
for patients randomized to BAY 12-9566 may compare favorably to the 2% historical 
one-year survival rate for 5-FU. 

In the second randomized trial of an MMPI (British Biotech Study 128) (/1), 
414 patients with pancreatic cancer were randomized to one of four arms: marimastat 
5 mg po bid, marimastat 10 mg po bid, marimastat 25 mg po bid, or standard dose 
gemcitabine. Patients randomized to a high dose (25 mg bid) of marimastat had a 
20% 1-yr overall survival. The 1-yr overall survival of patients randomized to high-dose 
marimastat was numerically equivalent to the 20% 1-yr overall survival of patients ran- 
domized to standard-dose gemcitabine. The comparable survival of high-dose marimastat 
to gemcitabine in this trial stands in contrast to historical trials demonstrating inferior 
survival of patients randomized to 5-FU or to BAY 12-9566 compared to gemcitabine. 
Additionally, patients randomized to the high dose of marimastat had statistically supe- 
rior overall survival compared to patients randomized to lower doses (10 mg or 5 mg bid), 
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suggesting a dose-response effect of marimastat on overall survival. The principal toxic 
effect of marimastat was a dose-related, dose-limiting inflammatory polyarthritis result- 
ing in interruption and discontinuation of marimastat dosing. The occurrence of this 
musculoskeletal toxic effect has been reported to be related to dose, substantially limiting 
administration of marimastat doses more than 10 mg twice a day (/3). These data suggest 
that marimastat has antitumor activity, but that activity is limited by limitations to dosing. 
Thus, dose-limiting arthritis and arthralgia reported for marimastat essentially limits 
efficacy for this agent. 

In the third randomized trial of an MMPI (British Biotech Study 145) (12), patients 
with locally advanced or metastatic gastric cancer were randomized in a double-blind 
fashion to a low dose (10 mg bid) of marimastat or matching placebo. Marimastat 10 mg 
po bid, which had inferior survival compared to the higher dose of marimastat, was 
presumably selected as the active control arm for this trial based on its superior tolerabil- 
ity compared to high-dose marimastat. Patients randomized to marimastat had a trend to 
better overall survival (167 d vs 135 d; p = 0.07) at the protocol stipulated endpoint of 
the study, and this statistical trend strengthened with an additional 6 mo of follow up 
(p = 0.048). Nevertheless, patients randomized to marimastat 10 mg po bid had statisti- 
cally superior progression-free survival compared to patients randomized to placebo 
(p = 0.027). Marimastat 25 mg po bid, which was the most efficacious dose in British 
Biotech Study 128, was not tested in Study 145. 

The available survival data, taken together, suggest that broad spectrum MMP inhibi- 
tion can prolong progression-free and overall survival of patients with advanced solid 
malignancies, but that this beneficial effect is limited by constraints on optimal dosing 
due to adverse events. These clinical findings are consistent with preclinical data, which 
suggest that the optimal use of these agents requires administration in a dose and schedule 
sufficient to maintain plasma concentrations continuously above a certain minimum 
effective concentration. Thus, dose-limiting arthritis and arthralgia reported for 
marimastat limit efficacy for this agent. To be successful, future generations of MMPIs 
must minimize or eliminate these dose-limiting toxicities and maximize dose. 


2.1. Maximizing the Potential of MMPI Therapy: 
Broad Spectrum Inhibitors That Minimize Toxicity and Maximize Dose 


Matrix metalloproteinases are members of a large family of metalloproteases (Table 1) 
that require an essential zinc atom for activity. Other family members include the 
adamlysins (ADAMS), membrane secretases (sheddases), and others such as angiotensin 
converting enzyme (ACE). ACE inhibitors, such as captopril, are important examples of 
rationally designed small-molecule inhibitors that provide therapeutic benefit to patients. 
Captopril contains a sulfhydryl moiety as the zinc-binding group (ZBG), and it was 
originally shown to demonstrate oral activity in models of hypertension. In addition, 
captopril prolonged overall survival among patients with hypertension in randomized, 
controlled trials. To some extent, this example provides a precedent for successful devel- 
opment of MMPIs for patients with cancer, which, likewise, will require randomized 
trials demonstrating the ability of these agents to prolong overall survival. 

Prolongation of survival by MMPIs is likely to be dependent upon a broad-spectrum 
inhibition of MMPs, similar to marimastat, given daily in high doses without interruption. 
A syndrome of dose-limiting arthritis has been reported for marimastat, prinomastat, and 
other hydroxamic acid-based MMPIs. This syndrome is primarily an inflammatory 
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Table 1 


Matrix Metalloproteinase Family of Enzymes 


MMPs: 
Collagenase 1 (MMP1) 
Collagenase 2 (MMP8) 
Collagenase 3 (MMP13) 
Matrilysin (MMP7) 
Stromelysin 1 (MMP3) 
Stromelysin 2 (MMP10) 


Mammalian MPs: 
ACE 

ANP 

Lysine Carboxypeptidase 
Carboxypeptidase A 
Carboxypeptidase B 
Carboxypeptidase H 
Endothelin Convertase 
MP100 (a secretase?) 


Stromelysin 3 (MMP11) 
Gelatinase A (MMP2) 
Gelatinase B (MMP9) 
Metalloelastase (MMP12) 
Aggrecanase 


Membrane Type MMPs 
(MMP-MT1,MT2,MT3,MT4) 
MMP19 





Table 2 





Sheddases: 
Adamalysin Related MPs: 
TNFaConvertase 
ADAM-10 (MADM) 
ADAM-15 (Metargidin) 
ADAM Family 
Membrane Secretases: 
TNF R11 Sheddase 
L-Selectin Sheddase 
IL-16 RII Sheddase 
APP a- Secretase 
cD 30 Sheddase 
FasL Sheddase 





Comparison of Sheddase Activity 


Compound 


IC; Values, yM (micromolar) 


TNFa TNFa-Ril L-Selectin IL1-RII IL-6R 
Release* Shedding Shedding Shedding Shedding 


BMS-275291 >100 >100 


Marimastat 1 
0.8 
11 


Prinomastat 
CGS-27023B 
BAY 12-9566 


>100 





>100 
3.4 3.6 
1.8 12 
5 6.5 


>100 


Comparison of sheddase selectivity profiles for BMS-275291 and earlier generation inhibitors as 
determined by cell based assays. Unlike marimastat, BMS-275291 spares the sheddases, a finding 
hypothesized to explain the lack of dose-limiting arthritis for this compound. 


arthritis involving the shoulders and arms. The incidence and onset are related to the dose 
of MMPI being administered, with a higher incidence and severity of arthritis associated 
with higher doses. Two hypotheses are proposed to explain this toxicity. The first hypoth- 
esis is that toxicity is a result of inhibiting MMP-1 activities. This has yet to be proven 
conclusively, but recent clinical data suggest that the dose-limiting arthritis may be a 
side-effect unrelated to inhibition of MMP-1 activities (see below). The other proposed 
hypothesis is that the dose-limiting toxicity is a result of inhibiting the activities of closely 
related metalloproteases loosely referred to as “sheddases.” These metalloproteases typi- 
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cally regulate the shedding of cytokines and cytokine receptors involved in mediating 
inflammatory processes. An example is tumor necrosis factor-a (TNF-a) converting 
enzyme (TACE), which regulates the shedding of TNF-a from the cell surface. Agents 
such as Enbrel selectively target TNF-a (a key mediator of inflammatory arthritis) and 
have demonstrated dramatic therapeutic success in the treatment of refractory rheuma- 
toid arthritis in humans. Several hydroxamate-based MMPIs in clinical development 
(such as marimastat and prinomastat) are known to inhibit TACE and other sheddases 
(Table 1) as well as inhibit shedding of TNF-a from the cell surface at clinically relevant 
concentrations (Table 2). Consequently, a way of optimizing MMPI activities in humans 
is to rationally design a compound that effectively inhibits many MMP activities and is 
less active toward those of other metalloproteases such as the sheddases. 


3. MAXIMIZING THE POTENTIAL OF MMPI THERAPY 


The subset analyses of randomized controlled trial data for marimastat is consistent 
with a dose-response effect of MMP inhibition on survival, with higher doses of 
marimastat resulting in a greater effect on survival. However, in humans, the highest 
dose of marimastat tested in randomized controlled trials (25 mg bid) resulted in CTC 
grade 3 or 4 musculoskeletal toxicity in 12% of patients. Lower doses (e.g., 10 mg bid) 
were tolerated with less musculoskeletal toxicity but appeared less efficacious. These 
data suggest that broad-spectrum MMP inhibitors can prolong overall survival of patients 
with advanced solid malignancies and that the magnitude of therapeutic benefit is depen- 
dent upon dose in the absence of dose-limiting arthritis. Thus to maximize the potential 
of this class of anticancer agents, the next generation of MMPIs must minimize toxicity 
and maximize dose. 

BMS-275291 is the first compound in clinical development from this new generation 
of MMPIs. BMS-275291 is a sulfhydryl-based broad-spectrum MMP inhibitor that is 
rationally designed to be less active toward the sheddases. Its chemical structure is shown 
in Fig. 1. 

BMS-275291 contains a novel mercaptoamide ZBG (Fig. 1, dashed box) in marked 
distinction to the hydroxamic acid ZBG of other MMPIs such as marimastat and 
prinomastat. Hydroxamic-acid-based compounds are associated with potent zinc bind- 
ing potential and poor oral activity. In contrast, in other types of inhibitors (such as 
inhibition of ACE) the zinc-binding function of the mercaptoamide group is known to be 
potent and associated with good oral activity (e.g., captopril). The portion of BMS- 
275291 depicted in the solid line box (Fig. 1) represents the peptidomimetic portion of 
the molecule that resembles natural polypeptide substrates of MMPs such as collagen. 
This region of BMS-275291 contains three peptide bonds and the amino acids leucine and 
tert-leucine and it is very similar in chemical structure to that of the broad spectrum 
MMPI, marimastat (Fig. 1). The similarity of these molecules undoubtedly contributes 
to their remarkably similar MMP selectivity profile. Both are potent nanomolar inhibitors 
of a broad spectrum of MMPs, and their activities for some MMPs are comparable to 
more selective, hydroximate-based MMPIs such as prinomastat and CGS-27023B. 
In vitro, BMS-275291 inhibits MMP-1 ([C59-26 nM), MMP-2 (41 nM) and MMP-9 
(25 nM), as well as MMP-3 (157 nM), MMP-7 (23 nM), MMP-8 (10 nM), MMP-13 (4 nM), 
and MMP-14 (40 nM). As can be seen, BMS-275291 has a very similar relative MMP 
selectivity profile as marimastat but it is less potent. Thus, BMS-275291 inhibits a broad 
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marimastat 











Fig. 1. Comparison of MMP Structures. Comparison of the chemical structures of BMS-275291 
and marimastat. Solid-line box indicates peptidomimetic portion, dashed-line box indicates zinc- 
binding group. 


spectrum of MMPs that include collagenases, stromelysins, gelatinases, matrilysin, and 
membrane-bound MMPs. In clinical trials, high doses of BMS-275291 taken after long 
durations has not caused dose-limiting arthritis in man. These data suggest that MMP-1 
inhibition is not causative of the inflammatory arthritis and arthralgia associated with 
hydroxamate-based, sheddase-inhibiting MMPIs, in contradiction to prior hypotheses. 
As will be discussed further below, the lower potency of BMS-275291 compared to 
marimastat is compensated for by the 60—120-fold higher doses that can be chronically 
administered. 

The MMP selectivity profile of BMS-275291 is similar to that of the other MMPIs in 
clinical development. What sets it apart from these is its activities toward the sheddases. 
Table 3 lists the ICs) micromolar values determined in a set of in vitro experiments 
designed to directly measure and compare the ability of BMS-275291, marimastat, 
prinomastat, or CGS-27023B to inhibit sheddase-mediated events that include the release 
of TNF-a, TNF-a receptor II, L-selectin, [L1-receptor II, or IL-6 receptor from the cell 
surface. As can be seen from the table, BMS-275291 did not inhibit the release of these 
molecules at concentrations exceeding 100 uM. In contrast, marimastat, prinomastat and 
CGS 27023B inhibited these events at concentrations achievable in man. Consistent with 
the sheddase-sparing design, BMS-275291 given for a prolonged duration daily did not 
result in inflammatory arthritis or tendonitis in marmosets. This is in contrast to 
marimastat, which caused dose-dependent inflammation of tendons and joint ligaments 
when given for prolonged durations to marmosets (/4). Thus as designed, BMS-275291 
inhibits many MMP activities and spares those of the sheddases. 
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Table 3 
MMP Selectivity Profile 


IC. Values, nM (nanomolar)* 


Compound MMP1 MMP8 MMP13 MMP7 MMP3 MMP2MMP9 MMP14 
BMS-275291 26 10 4 23 157 40 
Marimastat 3 4 2 7 14 
Prinomastat 17 0.2 8 
CGS-27023B 24 2 25 250 25 
BAY 12-9566 >5000 51 1470 








Comparison of MMP selectivity profiles for BMS-275291 and earlier generation inhibitors as determined 
by in vitro enzymatic assays. BMS-275291 is a broad spectrum MMP inhibitor similar to marimastat. 


4. PHARMACOLOGY OF BMS-275291 


Several MMPIs are known to inhibit tumor progression and angiogenesis in a variety 
of in vivo models (1—3). BMS-275291 has been tested in a murine angiogenesis model 
-that measures endothelial cell migration into a subcutaneously implanted Matrigel plug. 
In this model, once daily oral BMS-275291 treatments (10-90 mg/kg) for 7 d resulted in 
a dose-dependent inhibition of endothelial cell migration or angiogenesis (Fig. 2). BMS- 
275291 has also been evaluated in a murine experimental lung metastases model where 
B16BL6 cells are implanted intravenously and subsequently form tumor foci in lung 
tissues. In this model, BMS-275291 oral treatment (30-90 mg/kg) inhibited the size and 
number of lung metastases formed compared to controls (Figs. 2 and 3). Together these 
in vivo data support the notion that BMS-275291 has the potential to inhibit those MMP 
activities critically involved in angiogenesis and tumor progression. 

In rat embryo-fetal toxicology studies, doses of BMS-275291 were identified, which 
caused no clinical or histopathologic toxicity to the pregnant female adult rat and the 
fetus. Higher doses caused no clinical or histopathologic toxicity in the adult female, but 
resulted in toxicity to the fetus. Histopathologic examination of the femurs of the fetal rat 
demonstrated expansion of the epiphysial growth plate, impaired trabecular bone forma- 
tion, and impaired blood vessel invasion of the chondrocyte zone (Figs. 4 and 5) (15). 
These histopathologic findings are nearly identical to those reported for homozygous 
germline MMP-9 deletion in mice. These findings further validate the concept important 
to selection of the optimal doses for clinical development: Doses of BMS-275291 which 
are nontoxic to the fully formed adult animal may nonetheless inhibit MMP-dependent 
processes, such as osteogenesis and angiogenesis, as demonstrated by these data. 
In addition, inhibition of wound angiogenesis was demonstrated in patients in the phase 
I study of BMS-275291 at well-tolerated doses with relatively little toxicity. Thus, the 
dose selected for further clinical development should be based upon an estimation of the 
optimal biologic dose, and not the maximum tolerated dose as is often chosen for cyto- 
toxic chemotherapeutic agents. 

Epiphysial growth plate expansion is not only the pharmacologic phenotype of BMS- 
275291 activity, but has also been reported as the sole phenotype of mice treated with 
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Fig. 2. Matrigel plug assay results. Matrigel™ was implanted subcutaneously into athymic mice 
on d 0 (8—10 mice per group). Daily BMS-275291 oral treatments began on d 0 and continued to 
d 6. Matrigel plugs were harvested on d 7 and processed for histochemical analyses. Results are 
expressed as % Inhibition +SE (% Relative to Untreated Control). 





% Inhibition 
8 


10 





30 mg/kg 45 mg/kg 60 mg/kg 90 mg/kg 
BMS-275291 Oral Treatment 


Fig. 3. B16BL6 metastases inhibition. Mice received B16BL6 melanoma cells intravenously at 
time 0 (8—10 mice per group). BMS-275291 or vehicle (water) were administered orally at —2 h, 
+2 h, +24 h, +48 h and +72 h relative to time of cell implantation (time 0). Mice were sacrificed 
10 d after tumor cell implantation and the number of B16BL6 metastases counted. Results are 
expressed as % Inhibition +SE (% Relative to Control). 


murine anti-VEGF antibodies (/6,/7) and as the phenotype of mice treated with a small 
molecule inhibitor of VEGF receptor tyrosine kinase activity (78). The identical pheno- 
type seen for MMP inhibition by BMS-275291, homozygous MMP-9 gene deletion, anti- 
VEGE antibodies and VEGF receptor TK inhibitors may be explained in part by recent 
experiments demonstrating an important role for MMP-9 in VEGF signaling. 
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Fig. 5. Rat epiphysial growth rate (on-treatment). BMS-275291 treatment of young rats: induction 
of epiphysial growth plate expansion and suppressed blood vessel invasion in the femur of a rat 
given oral BMS-275291, 4000 mg/kg/d for 1 mo. This pharmacologic phenotype resembles 
reported phenotypes for mice with homozygous MMP-9 deletion as well as mice treated with 
inhibitors of VEGF signaling. 
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5. CLINICAL EXPERIENCE WITH BMS-275291 


Preclinical toxicology data justified initial development of BMS-275291 in healthy 
subjects. Therefore, two trials of BMS-275291 were conducted in 65 healthy male sub- 
jects. In the first trial, subjects received single doses of orally administered BMS-275291 
ranging from 25 mg up to 1200 mg as a single dose. These doses were well tolerated. 
Therefore, in a second trial, subjects received doses escalating from 300 to 1200 mg daily 
for 14d (19). Treatment was safe and very well tolerated across all dose levels. No dose- 
limiting adverse events were identified. 

Note that the starting dose of BMS-275291 in these dose-escalation trials, 25 mg per 
day, already exceeded the phase III dose of marimastat, 10 mg twice per day and the phase 
II dose of prinomastat at 5 or 10 mg bid. The highest dose studied, 1200 mg daily, far 
exceeds the phase II doses of marimastat and prinomastat. 

Based on pharmacokinetic data from these studies in healthy male subjects, a phase 
I trial was conducted in cancer patients with an initial dose level of 600 mg per day (20). 
This daily dose was expected to result in plasma concentrations of parent BMS-275291 
that would continuously exceed the ICs, determined in vitro for MMP-2 and MMP-9 
by several-fold. Ultimately, 44 patients were enrolled to doses of 600, 900, 1200, 1800, 
and 2400 mg per day. The mean trough concentrations of parent BMS-275291 at the 
dose of 1200 mg/d were 8- and 13-fold greater than the ICs) values for MMP-2 and 
MMP-9 and exceeded the ICoọ value for MMP-9. In comparison, trough concentrations 
of both prinomastat and marimastat would be about fivefold greater than the K,/IC5 
values for the relevant MMPs at the respective phase II/II doses. Consistent with data 
from marmoset toxicology studies and, as expected, given the sheddase-sparing 
design, prolonged daily oral administration of BMS-275291 was not associated with 
dose-limiting arthritis, arthralgia, or myalgia in this study, despite treatment durations 
exceeding 1 yr. Therefore, unlike marimastat or prinomastat at their phase III doses, no 
patient required interruption of daily therapy for arthritis, arthralgia or myalgia. At the 
highest dose tested, 2400 mg per day, there were no dose-limiting toxicities, thus 
maximum tolerated dose for BMS-275291 exceeds 2400 mg per day. Notably, this dose 
(2400 mg/d) exceeds by more than 100-fold the phase III doses of marimastat and 
prinomastat (10 mg twice per day), and was tolerated by all patients, with no patient 
experiencing dose-limiting toxicity or daily drug administration for any cause. In con- 
trast, marimastat and prinomastat administration at phase III doses results in grade 
3/4 musculoskeletal toxicity in patients, requiring dose reduction, dose interruption, or 
discontinuation of drug altogether. 

Because angiogeneses induced by wounds and by tumors have mechanistic similari- 
ties, a wound angiogenesis assay was developed where a 4 mm punch biopsy was made 
in a patient’s forearm (2/—23). Angiogenesis was observed directly in the normal skin at 
the periphery of the wound via video microscopy at 80x magnification at six timepoints 
over the 14 d following biopsy. Biopsies were performed both during pretreatment and 
while receiving treatment with BMS-275291, with each patient serving as his or her own 
control. For the first 13 patients assayed, the mean time for the appearance of early 
capillary loops within the skin surrounding the punch biopsy was delayed from a mean 
time of 5.1 + 0.7 d pretreatment to 8.6 + 1.0 d on treatment (p = 0.02). These data suggest 
that BMS-275291 inhibits wound angiogenesis in man and are consistent with the pre- 
clinical antiangiogenic activity of this compound. Randomized controlled trials are 
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underway to assess the relevance of this biologic activity (delay in wound angiogenesis) 
to ultimate clinical benefit (prolongation of survival). 


6. DEVELOPMENT ISSUES 


Unlike cytotoxic chemotherapeutic agents, BMS-275291, as a single agent, is not 
expected to result in measurable shrinkage of established tumors. Development of cyto- 
static/antiangiogenic agents will require conduct of randomized controlled trials with 
relapse-free survival, progression-free survival, and overall survival as endpoints to 
attain clinical proof of principle. Based on considerations of preclinical data, nonover- 
lapping toxicity with conventional chemotherapeutics and radiation therapy, and a dif- 
ferent mechanism of action from conventional chemotherapeutics and radiation therapy, 
the optimal development will involve administration of BMS-275291 in combination 
with radiation therapy and/or chemotherapy for patients with unresectable cancer or 
microscopic residual disease. Preclinical data and data from subset analyses of completed 
trials with early generation MMPIs suggest that clinical development plans should also 
focus on adjuvant treatment of patients with resected cancer. 


7. SUMMARY 


Oncology, as a field, is now faced with numerous, rationally designed agents that 
target biologic pathways felt to be relevant to tumor biology. As an inhibitor of MMFS, 
BMS-275291 was expected to inhibit angiogenesis and osteogenesis, as well as tumor 
progression and metastasis, in preclinical studies. BMS-275291 does, in fact, meet 
these expectations. Consistent with the sheddase-sparing design, phase I trials demon- 
strated that BMS-275291 could be administered to patients with cancer, without dose- 
limiting arthritis. BMS-275291 administration was associated with a delay in wound 
angiogenesis in man. A phase II clinical trial of this agent in nonsmall-cell lung cancer 
(NSCLC) is ongoing. 
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1. INTRODUCTION 


Since the German chemist, Felix Hoffman, first developed a molecule with analge- 
sic activity called acetylsalicylic acid or aspirin for his employer, the Bayer Company, 
in 1893, aclass of drugs referred to as nonsteroidal antiinflammatory drugs (NSAIDs) 
has evolved that are now, 100 years later, among the most widely used therapeutic 
agents known to mankind (/). In 1988, Kune et al. found an inverse association between 
aspirin use and the risk for colorectal cancer (2). This unexpected finding occurred in 
the context of a case-control study that explored numerous potential associations with 
colorectal cancer risk. Although the authors speculated that this inverse association 
could be causal, general interest appeared to be limited until other studies reported 
similar findings in 1991 (3,4). These early studies generated a great deal of interest in 


From: Chemoradiation in Cancer Therapy 
Edited by: H. Choy © Humana Press Inc., Totowa, NJ 


391 


392 Pyo, DuBois, and Choy 


Arachidonic Acid 








Cyclooxygenase-1 


NSAIDs 
— Cyclooxygenase-2 
PGG, 
PGH, 
Prostaglandins Other 


Thromboxanes Eicosanoids 


Fig. 1. Arachidonic acid metabolism (ref. 5/). 


the possibility that aspirin or other NSAIDs could act as chemopreventive agents for 
colorectal cancer (5). 

It is well known that the main underlying action of NSAIDs is their inhibition of the 
cyclooxygenase (COX) enzymes, which may be the reason NSAIDs have a wide spec- 
trum of pathophysiological activities, including analgesic and antiinflammatory effects, 
prophylaxis against cardiovascular disease, and cancer prevention. NSAIDs’ long his- 
tory of use over the past 100 yr may not be just an incidental phenomenon. Currently this 
class of drugs is being rediscovered as both chemopreventive and therapeutic agents for 
cancer. 


2. PROSTAGLANDINS AND CYCLOOXYGENASE 


Prostaglandins (PGs), thromboxanes, and leukotrienes, collectively known as 
eicosanoids, are metabolites of arachidonic acid that are involved in numerous biologic 
processes including inflammation, ovulation, implantation, angiogenesis, platelet aggre- 
gation, and immunologic function. Phospholipase enzymes cleave membrane-bound 
arachidonic acid, thus making it available for conversion to eicosanoids. The liberated 
arachidonic acid can be metabolized through one of three major pathways: 


1. The COX pathway (prostaglandin endoperoxide synthase). 
2. The lipoxygenase pathway. 
3. The cytochrome P-450 monooxygenase pathway. 


Additionally, free radical peroxidation can convert arachidonic acid nonenzymati- 
cally to yield isoprostanes (6). 

The COX pathway is the most extensively studied of these major pathways. COX 
converts arachidonic acid to PGG, and subsequently to PGH), which is the immediate 
substrate for a number of cell-specific PG and thromboxane synthases (Fig. 1) (6). PGs 
are considered to be autocrine or paracrine hormones that display a wide range of phar- 
macological, physiological, and pathological effects. There are at least two isoforms of 
COX, which are referred to as COX-1 and COX-2. Although they catalyze the same 
enzymatic reaction, they are regulated independently (/). COX-1 is constitutively 
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Fig. 2. Model for the role of COX-1 and COX-2. 


expressed in many tissues (e.g., gastric mucosa) and acts in a variety of settings to produce 
homeostatic or maintenance levels of PGs. For example, COX-1 produces PGE, and 
PGI, in the gastrointestinal tract. These PGs stimulate gastric mucus formation, increase 
gastric mucosal blood flow, and reduce acid secretion to protect the mucosal lining from 
damage (7). By contrast, COX-2 is usually undetectable in normal tissues (except for the 
brain, the macula densa of the kidney, and the placenta), but is rapidly induced in response 
to varied pathophysiological signals including those triggered by various types of cellular 
injury (8). COX-2 is believed to be mainly responsible for the inflammatory processes, 
because it is rapidly induced at sites of inflammation and produces proinflammatory PGs 
(Fig. 2) (7). However, more recent studies are beginning to reveal additional functions 
of COX-2: regulation of renal physicology; regulation of nerve and brain function; 
maintenance of gastrointestinal integrity; regulation of ovarian and uterine function; 
regulation of bone formation and resorption; and regulation of pain sensation and 
transmission (1). 


3. COX-2 EXPRESSION AND CANCER 


There is an emerging body of data that indicates COX-2 upregulation may play a role 
in cancer growth and progression. Increased expression of COX-2 has been demonstrated 
in a number of different tumor types in humans (9-41), although its production varies 
both quantitatively and qualitatively among tumors of different histological type and 
sites of origin (Table 1). It has also been found that although COX-2 is undetectable in 
normal colonic mucosa, it is elevated in about 85% of colorectal adenocarcinomas 
(34,36,42). Similar findings have been reported with lung cancers (/3). 

Epidemiological evidence reveals that individuals who take aspirin or NSAIDs have 
a 40-50% reduced risk of developing colon cancer and its nonmalignant precursor, the 
adenomatous polyp (4,43—46). Familial adenomatous polyposis (FAP) is a disease inher- 
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Table 1 
COX-2 Expression of Tumors According to Their Primary Sites of Origin 
Total number COX-2 expression 

Primary sites of samples (%) Ref. 
Brain 100 58—100 (9,10) 
Head and neck 22 100 (11,12) 
Esophagus (13-16) 

Squamous 202 74-91 

Adeno 32 78—100 

Barrett’ s 21 80 
Lung (NSCLC?) 462 48-95 (17,23) 
Breast 69 56-100 (18,23,24) 
Stomach 161 47-100 (25-27) 
Liver 82 54-97 (28,29) 
Pancreas 159 58-100 (30-33) 
Colorectum 150 71-100 (18,23,34-37) 
Bladder 86 51-84 (38,39) 
Prostate 63 83-100 (23,40,41) 


„Barretts; Barrett’s metaplastic mucosa. 
NSCLC; nonsmall-cell lung cancer. 


ited in an autosomal dominant fashion with variable phenotypic expression. The genetic 
mutation responsible for this disease occurs in the adenomatous polyposis coli (APC) 
gene, and somatic mutations in the APC gene have also been reported in over 50% of 
spontaneous colorectal cancers examined (47,48). Clinical trials with NSAIDs in patients 
with FAP have demonstrated that NSAID treatment caused dramatic regression of preex- 
isting adenomas, as well as prevention of new adenoma formation in these patients. 
NSAIDs, such as sulindac, are now commonly used in patients with FAP after a subtotal 
colectomy to prevent adenoma recurrence and facilitate surveillance of the remaining 
rectum (49). Recently investigators found that celecoxib, a selective COX-2 inhibitor, 
also has a similar chemopreventive effect on patients with FAP (50). 

Preclinical experimental data appear to support the above findings. Studies in a variety 
of animal models (both genetic and carcinogen-induced) of colon cancer have also indi- 
cated a significant reduction in tumor multiplicity by NSAID treatment including the 
selective COX-2 inhibitor, celecoxib (51,52). In fact, some of these studies have shown 
as much as an 80-90% reduction in tumor burden (53). Another study has provided 
genetic evidence that directly links COX-2 expression to intestinal tumor promotion (54). 
This report shows that APC47/6/+ mice, which develop hundreds of tumors in their 
intestines, bred with COX-2 null mice have an 80-90% reduction in tumor multiplicity 
in the homozygous COX-2 null offspring. These results suggest that COX-2 may act as 
a tumor promoter in the intestine, and that increased levels of COX-2 expression may 
result directly or indirectly from disruption of the APC gene (Fig. 3) (5/7). Tsujii and his 
colleagues performed experiments with rat intestinal epithelial cells that were pro- 
grammed to express COX-2 constitutively (55). The cells developed an altered pheno- 
type including increased adhesion to the extracellular matrix and a resistance to undergo 
apoptosis. Both of these phenotypic changes are consistent with an increased malignant 
potential, and were made reversible by treatment with a selective COX-2 inhibitor. 
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Fig. 3. Working hypothesis for the potential role of COX-2 in colorectal carcinogenesis (ref. 51). 


In addition, very recent work indicates that COX-2 may play a vital role in the regulation 
of angiogenesis associated with neoplastic tumor cells, hence COX-2 inhibitors may 
block the growth of blood vessels into developing tumors (56). Thus, according to epi- 
demiological, clinical, and experimental data, COX-2 appears to be intimately related to 
the development and growth of some types of cancer, especially of colorectal cancer. 

There is some evidence that the level of COX-2 expression in tumors has prognostic 
significance for patients with various cancers. Increased COX-2 expression in tumors 
correlates with pathologically unfavorable findings such as larger tumor size, tumor 
dedifferentiation, increased number of metastatic lymph nodes, higher Dukes’ stage, 
higher recurrence rate, and shorter survival time in patients with colorectal cancer (57— 
59). In cases of patients with surgically resected adenocarcinoma of the lung, a significant 
relationship between elevated COX-2 expression in tumors and shortened patient sur- 
vival was observed only in a cohort of patients with stage I disease (20). 


4. UNDERLYING MECHANISMS OF COX-2 ENZYME 
AND ITS INHIBITORS ON CANCERS 


The underlying molecular mechanism responsible for the effect of COX-2 inhibitors 
on cancer cells is still unclear, although many hypotheses have been proposed. Increased 
levels of prostanoids in many human tumors have been verified, and a selective group of 
eicosanoids has been shown to increase the proliferative rate of human cancer cells (60- 
63). Therefore, prostanoids may serve as autocrine or paracrine growth factors for a 
selective group of cancer cells. Although prostanoids can be produced by both COX-1 
and COX-2, a comparison of neoplastic and adjacent tissue revealed no change in 
COX-1 expression but an upregulation of COX-2 in adenomas and adenocarcinomas 
compared with the normal mucosa (64). Therefore, COX-2 inhibitors may inhibit the 
growth of cancer cells. 

Induction of apoptosis is one of the most widely investigated and consistently sup- 
ported potential mechanisms for the antineoplastic effect of COX-2 inhibitors. Cells 
overexpressing COX-2 tend to be resistant to undergo apoptosis (55), and treatment with 
COX-2 inhibitors has been shown to induce apoptosis in these types of cells (65-71). Bcl-2, 
which acts as a negative regulator of apoptosis, was also elevated in the transfected cell 
line that was forced to express COX-2 constitutively, but was undetectable in the parental 
cell line (55). Many cancer chemotherapeutic drugs induce cell death through an apoptotic 
mechanism. In general, these drugs are thought to cause DNA damage that results in 
posttranscriptional induction of p53 protein induction. Induction of p53 protein expres- 
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Fig. 4. Effect of COX-2 expression and COX inhibitors on prostaglandin production and migra- 
tion of cocultured HUVECs. (A) Schematic diagram of the migration assay chamber. Colonic 
carcinoma cells were grown to confluence in the lower chamber, the medium was changed, and 
an upper chamber containing a monolayer of HUVECs plated onto a layer of type I collagen was 
inserted. The cells were incubated at 37°C for 4 h, and then the number of cells that had migrated 
through the collagen gel onto the filters in the bottom of the upper chamber were counted 
manually. (B) Migration of HUVECs cocultured with COX-2-expressing Caco-2 cells. Cell 
movement was evaluated by the number of cells that migrated toward conditioned medium of 
mock or COX-2-overexpressing Caco-2 cells in the outer chambers. Incubation was performed 

(continued on next page) 
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sion causes cell cycle arrest and apoptotic cell death through regulation of other signaling 
pathways. Several researchers have shown that sulindac-induced apoptosis is not asso- 
ciated with increased p53 expression at the mRNA or protein level, and that sulindac 
induces apoptosis in a cell line that has mutations of both p53 alleles and no detectable 
p53 protein (72—74). These observations indicate that apoptosis induced by NSAIDs may 
not require p53 induction and is therefore fundamentally different than apoptosis induced 
by chemotherapeutic agents (49). 

According to studies with COX-2-knockout mice bred with APC mutant Min-mice, a 
dramatic reduction occurred in the number and size of polyps in the COX-2 null mice 
compared with COX-2 wild-type mice. This suggests that the regulation of COX-2 
appears to directly affect the promotion of colonic carcinogenesis, at least when through 
the APC gene initiated pathway (54). However, several lines of evidence also suggest that 
some of the antineoplastic effect of NSAIDs, including the COX-2 inhibitors, may be 
independent of COX-2 inhibition. For example, the R isomer of flurbiprofen or the 
sulfone metabolite of sulindac do not inhibit COX-1 or COX-2, but they do inhibit 
adenoma or cancer formation in various in vivo carcinogenesis model systems (49). 
However, it is known that the R isomer of flurbiprofen racemizes in rodents to form the 
active S isomer which does inhibit cyclooxygenase. Thus, whether NSAIDs block tumor 
progression solely through inhibition of COX-2 activity is a matter that is still being 
debated. Recently, it was shown that treatment of carcinoma cells with sulindac sulfone 
reduced prostaglandin levels by a noncyclooxygenase dependent mechanism (Williams 
et al. Neoplasia 1, 170-176, 1999). 

COX-2 inhibitors have been found to have anti-angiogenic effects on tumors. COX-2 
was expressed in the angiogenic vasculature present within tumors and in preexisting 
vasculature adjacent to malignant lesions as well as in the tumor cells themselves in 
colon, prostate, lung, and breast cancers. In contrast, COX-2 was not detected in normal 
colonic epithelium or stroma (23,75). Newly vascularized endothelium in the basic fibro- 
blast growth factor (FGF-2)—induced rat corneal angiogenesis model also expressed 
COX-2, whereas endothelial cells present in the established limbic vessels expressed 
only COX-1 (23). Celecoxib inhibited the angiogenic response dose dependently; how- 
ever, neither an inactive isomer of celecoxib nor a COX-1 specific inhibitor (SC-560) 
were able to block the development of angiogenesis in the rat cornea. These results 
suggest that PGs produced by the FGF-2 induction of COX-2 are essential to 
neovascularization (23). COX-2 overexpressing cells produced high levels of proangio- 
genic factors (VEGF, bFGF, bFGF-binding protein, TBF-B, PDGF, endothelin-1, and 
iNOS), which stimulate both endothelial cell migration and tube formation in a model in 
which endothelial and cancer cells were co-cultured (Figs. 4 and 5). Selective COX-2 
inhibitors reversed both the upregulation of the proangiogenic factors and the stimulation 
of the endothelial cell migration and tube formation (56). Thus, COX-2 appears to play 
some role in angiogenesis as well as in tumor cell growth itself. 


(continued from previous page) 

at 37° for 4 h, and at the end of the incubation period, nonmigrated cells on the upper surface 
of the filter were removed, and the migrated cells were stained and counted manually. (C) PGE, 
production from mock and COX-2-expressing Caco-2 cells plus and minus aspirin and NS-398. 
COX-2-expressing Caco-2 cells were treated with NS-398 or aspirin at the indicated concentra- 
tions for 24 h prior to harvest. Medium was taken from mock or COX-2-expressing Caco-2 cells 
and used for ELISA assay (ref. 56). 
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Fig. 5. Effect of COX-2 expression on angiogenesis in vitro. (A) Schematic diagram of the 
differentiation assay chamber. Colonic carcinoma cells were grown to confluence in the lower 
chamber, the medium was changed, and an upper chamber was inserted. The upper chamber was 
prepared by plating a monolayer of HUVECs onto a very thick layer of type I collagen followed 
by incubation at 37°C for 24 h. The HUVECs were then cocultured with the colonic carcinoma 
cells at 37°C for 4 d, and following incubation, the number of tube-like structures that formed in 
the gel were measured by total length per field (x200). (B) Phase contrast micrographs of HUVECs 
grown in collagen gel. (Left panel) HUVECs cocultured with mock Caco-2 cells did not 
form tubular structure, although a few HUVECs invade into collagen gel. (Right panel) 
HUVECs cocultured with COX-2-expressing Caco-2 cells showed tubular structure in the gel. 

(continued on next page) 
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5. EFFECT OF COX OR SELECTIVE COX-2 INHIBITORS 
ON CANCER PREVENTION 


NSAIDs or selective COX-2 inhibitors have been used as chemopreventive agents for 
patients with colorectal cancer. Kune (76) summarized and analyzed 22 epidemiologic 
or clinical studies that examined previous aspirin use and colorectal cancer risk. Of the 
16 epidemiologic studies that examined previous regular aspirin use and colorectal can- 
cerrisk, 15 found a protective effect for aspirin, 14 of which were statistically significant. 
The degree of protection against colorectal cancer had a range of 21-70%, with a mean 
protection level of 40%. However, in a large randomized American trial designed to test 
cardiovascular disease protection, low-dose aspirin (325 mg on alternate days) had no 
effect on colorectal tumors after both 5 and 12 yr of follow-up (77, 78). The low dose of 
aspirin used in this study and the relatively short treatment period (5 yr) may account for 
this finding. In addition, all seven colorectal adenoma studies showed that previous 
aspirin use was associated with a statistically significant level of protection, and the range 
of protection was between 15% and 72%, with a mean protection level of 42% (76). 
Although the precise dose schedule of aspirin treatment for prevention of colorectal 
cancer has not been determined, it is likely to be in the range of 150-300 mg per day for 
a minimum of 10 yr (76). Several studies have shown that nonaspirin NSAIDs have 
effects similar to those of aspirin with respect to colorectal tumor chemoprevention 
(76,79). However, the evidence for nonaspirin NSAID chemoprevention is less extensive 
and less consistent than that for aspirin. Recently, Torrance et al. conducted a study of a 
combined approach for the chemoprevention of intestinal tumors in APCmin’* mice (80). 
They combined administration of sulindac, a prototypical NSAID, with EKI-569, anewly 
developed irreversible inhibitor of epidermal growth factor receptor (EGFR) kinase. 
All of the untreated APCmin'* mice developed approx 20 polyps, while nearly half the 
mice treated with these two agents developed no polyps at all (Table 2). This result 
suggests the possibility of developing a powerful chemopreventive strategy for patients 
with colorectal cancers. 

Selective COX-2 inhibitors have also been shown to prevent early and late forms of 
colorectal neoplasia in rat models. Reddy et al. showed that administration of celecoxib 
inhibited aberrant colonic crypt foci (ACF) induction and multiplicity by about 40-49% 
in an azoxymethane-induced ACF rat model (8/). Later the same investigators also 
showed that dietary administration of celecoxib can inhibit both the incidence and mul- 
tiplicity of colon tumors by about 93% and 97%, respectively in the same rat model (82). 
Other researchers reported similar results with the Min mouse model (52). There is little 
data on human clinical trials with selective COX-2 inhibitors for colorectal tumor pre- 
vention. Recently Steinbach et al. conducted a double-blind, placebo-controlled study 
with 77 patients with FAP, and reported that treatment with celecoxib, a selective 
COX-2 inhibitor, for 6 mo led to a significant reduction (28 %) in the number of colorectal 
polyps in these patients (50). Collectively, COX-2 nonspecific or specific NSAIDs 
appear to have chemopreventive activity against colorectal cancer development. Selective 


(continued from previous page) (C) Quantitative analysis of angiogenesis in vitro by measuring 
the length of the tubular structures formed by HUVECs. The dose-dependent effect of NS-398 or 
aspirin treatment on endothelial tube formation was also assessed. The cell culture medium was 
changed daily with fresh addition of NS-398 or aspirin (ref. 56). 
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Table 2 : 
Effects of Sulindac and EKB-569 Treatment of APC™"* Mice 
Control 
(untreated) EKB-569, 20 mg/kg Sulindac, 5 mg/kg Sulindac + EKB-569 
mean number mean number mean number mean number 
of polyps of polyps of polyps of polyps 
(% of control) (% of control) (% of control) (% of control) 
19.5 + 14.1 2.6 + 1.6" 20.6 + 11.8 0.87 + 1.12€ 
(100%) (13%) (106%) (4%) 


For each treatment arm, the values represent the means + the standard deviation of the number of polyps 
per whole mouse intestine, as observed under a dissecting microscope. In each case, mice were fed the 
indicated diets for 60 d after weaning, then killed for determination of polyp number. Each group consisted 
of 14-15 mice. 

fp < 0.001 compared with control diet, Students t-test (unequal variance). 

bp < 0.0001 compared with control diet, Student t-test (unequal variance). 

“p < 0.001 compared with diet containing EKB-569 alone, Student t-test (unequal variance) (ref. 80). 


COX-?2 inhibitors may find a place in colorectal tumor chemoprevention, since they seem 
to have a better gastrointestinal safety profile than other nonspecific NSAIDs when 
given to patients for a long time. In addition, this approach for colorectal tumors may be 
able to be expanded to other COX-2 expressing human tumors. 


6. EFFECT OF COX-2 INHIBITORS 
WITH CHEMOTHERAPEUTIC AGENTS OR RADIATION 


The possibility of using COX-2 inhibitors as cancer-treatment agents for already 
developed neoplastic lesions has been proposed, since COX-2 expressing cancer cell 
lines are dependent on COX-2 activity for their tumorigenicity, and COX-2 inhibitors 
have been shown to reduce the growth rate of these cancer cells, in vitro and in vivo, as 
well as the growth rate of existing premalignant adenomas in human patients (64). 
NSAIDs have been reported to produce synergistic growth inhibition against Lewis lung 
carcinomas when used in combination with various chemotherapeutic agents including 
cisplatin, cyclophosphamide, and carmustine (BCNU) (83). Recently, a limited number 
of preclinical studies have been performed to investigate the effect of selective or non- 
selective COX-2 inhibitors on the chemosensitivity of cells from human cancers or 
normal tissues. Duffy et al. reported that a specific group of NSAIDs (indomethacin, 
sulindac, tolmetin, acemetacin, zomepirac, and mefenamic acid) significantly increased 
the cytotoxicity of the anthracyclines (doxorubicin, daunorubicin, and epirubicin), as 
well as teniposide, VP-16, and vincristine on human lung cancer and leukemia cell lines 
(84). Soriano et al. have shown synergistic interactions for sulindac, exisulind, and 
nordihydroguaiaretic acid (NDGA) with paclitaxel, cisplatin, and 13-cis-retinoic acid 
using six NSCLC and small-cell lung cancer cell lines, and this was independent of the 
drug-resistance phenotype of the tumors (85). Hida et al. tested the selective COX-2 
inhibitor, nimesulide, with COX-2 overexpressing or low-expressing human lung cancer 
cell lines and with normal lung epithelial cell lines; 10-30 uM nimesulide reduced the ICs, 
values of various anticancer agents (including taxotere, VP-16, and cisplatin) by up to 
77%. It was noted that lung cancer cell lines with high COX-2 expression levels were 
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generally more sensitive to the combined treatment of nimesulide and anticancer agents 
than were low COX-2 expressing cells, and nimesulide showed almost no effect on the 
chemosensitivity of normal lung epithelial cell lines (86). Thus, selective COX-2 inhibi- 
tors may have potential as chemosensitizers for the treatment of human cancers. 

COX-2 nonspecific NSAIDs have been demonstrated to potentiate radioresponse of 
cancer cells grown in vitro (87) and in vivo (88,89). Recently a limited number of pre- 
clinical studies have been performed to investigate the radiosensitizing effect of selective 
COX-2 inhibitors on tumor cells (90-92). Milas et al. (97) have shown that SC-236, a 
selective COX-2 inhibitor, significantly enhanced the growth-inhibitory effect of radia- 
tion on murine COX-2 expressing tumors grown in vivo. SC-236 also significantly 
reduced the number of newly formed vessels seen in intradermal assay, which was asso- 
ciated with tumor growth retardation. Kishi et al. (90) confirmed this effect, and also 
showed that SC-236 does not affect the radioresponse of normal tissues, using jejunal 
mucosa as a model for acute damage, and the leg contracture model as being represen- 
tative of late damage. Petersen et al. (92) have performed in vitro clonogenic cell survival 
analyses and have shown that SC-236 enhanced the effect of radiation on U251, a human 
glioma cell line, which constitutively expresses COX-2. 

Pyo etal. (93) conducted in vitro radiation cell survival experiments with rat intestinal 
epithelial cells which were stably transfected with COX-2 cDNA, in the sense (RIE-S) 
and antisense (RIE-AS) orientations, to directly compare the radiation-enhancing effect 
of the NS-398, aselective COX-2 inhibitor, on COX-2 over-expressing (RIE-S) and low- 
expressing control (RIE-AS) cells. NS-398 enhanced radiosensitivity of RIE-S cells in 
a concentration-dependent manner; however, this effect was not shown in RIE-AS cells 
that are similar to normal intestinal epithelial cells (Fig. 6). In experiments with cancer 
cell lines, NS-398 enhanced the effect of radiation in NCI-H460 human lung cancer cells 
that overexpress COX-2, but not in HCT-116 cells that lack COX-2 expression (Fig. 7). 
NS-398 also enhanced radiosensitivity of H460 tumors grown in vivo; however, it did not 
enhance the radiosensitivity of HCT-116 tumors, although the effect was at least additive 
(Fig. 8). These in vitro and in vivo results suggest that selective COX-2 inhibitors 
enhance the effect of radiation on tumors that express COX-2, but not on normal tissues. 
Collectively, selective COX-2 inhibitors may have potential as radiosensitizers for the 
treatment of human cancers. 


7. COX-2 INHIBITORS WITH COMBINED TREATMENT 
FOR PATIENTS WITH CANCERS 


Selective COX-2 inhibitors are ideal agents to combine with chemoradiotherapy for 
several reasons. First, they have been shown to enhance the effect of various chemothera- 
peutic agents and radiation on cancer cells. Second, selective COX-2 inhibitors are 
relatively safe. They do not have severe gastrointestinal toxicity, which is common in 
many nonselective NSAIDs. For example, celecoxib, a selective COX-2 inhibitor which 
is currently being used for patients with arthritis, is 375-fold more selective for COX-2 
compared to COX-1 (94), and in large randomized, multicenter, placebo-controlled, 
double-blind trials conducted in patients with rheumatoid arthritis, celecoxib proved to 
be less toxic than nonselective inhibitors of COX-1 and COX-2, and no more toxic than 
a placebo (95). Third, high-dose celecoxib (600 mg bid) has no effect on serum throm- 
boxane or platelet function (96). This is obviously important in patients receiving 
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Fig. 6. (A) Western blot analysis of COX-2 levels in RIE-S and RIE-AS cells. +ve, COX-2 protein 
positive control. Survival curves for radiation plus NS-398 in RIE-S (B) and RIE-AS (C) cells. 
(O), radiation plus vehicle (DMSO) treatment; (®), radiation plus 150 uM NS-398 treatment; 
(W), radiation plus 300 uM NS-398 treatment; (A), radiation plus 400 uM NS-398 treatment. 
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Fig. 7. (Caption on next page) 
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Fig. 8. Combined effect of fractionated NS-398 and radiotherapy on the tumor growth delay of 
H460 (A) and HCT-116 (B) human tumor xenografts in nude mice. Day 0 is defined as the first 
day of treatment. Tumors were treated with vehicle (DMSO) or 36 mg/kg NS-398 on d 1 through 
7. Radiation fractions (2 Gy) were given 2 h after drug administration starting d 2, for 5 consecutive 
days. Error bars represent the + SE from 8—9 mice. (O), vehicle treatment alone; (LJ), NS-398 
treatment alone; (@), radiation plus vehicle treatment; (M), radiation plus NS-398 treatment. 














myelosuppresive drugs in whom oncologists normally avoid agents that impair platelet 
function. Thus, selective COX-2 inhibitors may have a role for treatment in patients with 
cancers when combined with other therapeutic approaches; by enhancing the effect of 
chemotherapeutic agents and radiation without adding significant toxicity; or by reduc- 
ing the total dose of chemotherapeutic agents or radiation without diminishing their 
effects. Several clinical trials are ongoing to investigate the effect of selective COX-2 
inhibitors on chemoprevention or chemoradiosensitization for patients with cancer. 
Results from these trials will further define the role of COX-2 inhibitors for treatment of 
patients with cancer. 


Fig. 7. (from previous page) (A) Western blot analysis of COX-2 levels in H460 and HCT-116 
cells. +ve, COX-2 protein positive control. Survival curves for radiation plus NS-398 in H460(B) 
and HCT-116 (C) cells. (O), radiation plus vehicle (DMSO) treatment; (®), radiation plus 250 
uM NS-398 treatment; (W), radiation plus 300 uM NS-398 treatment. 
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8. CONCLUSIONS AND FUTURE DIRECTIONS 


Selective COX-2 inhibitors provide a distinct class of drugs in the history of evolution 
of NSAIDs, since they have basically removed the most disturbing, potentially fatal, 
complications of these drugs, thereby markedly enhancing the therapeutic ratio. Their 
use may provide a safe way to administer drugs long-term to reduce risks of suffering 
from several diseases including cancer. The use of this drug on a routine daily basis may 
be a revolutionary new way to reduce the risk of cancer. Ongoing preventive trials will 
define the role of this drug in the prevention of various cancers. 

There are an increasing number of potential new therapeutic targets for cancer. These 
include inhibition of various oncogenic growth factors (e.g., epidermal growth factor, 
insulin-like growth factor, and nerve growth factor), inhibitors of invasion and metastases 
(e.g., matrix metalloproteinases inhibitors and antivascular endothelial growth factor 
antibodies), inhibitors of protein kinase C, replacement therapy of tumor suppressor 
genes (e.g., p53 and p/6), and inhibition of dominant oncogenes (e.g., ras, HER-2/neu, 
and cyclin D1) (97). The combination of a selective COX-2 inhibitor with the use of one 
or more of these biologic therapies for sensitizing chemotherapeutic agents and radiation 
has a number of potential theoretic advantages. First, a markedly different mechanism of 
antitumor effect may result in therapeutic synergy. Second, itis likely that each treatment 
can be given at full dose, because the major side effects are nonoverlapping. As already 
discussed, selective COX-2 inhibitors have been shown to have chemo- or radio- 
sensitizing effect, and several in vitro and in vivo studies have also shown that the 
combination of chemotherapeutic agents or radiation with monoclonal antibodies against 
autocrine growth factors or growth factor receptors produces a much greater effect than 
either treatment alone (98—/00). One promising result came from a chemoprevention 
study (already discussed above), which investigated the effect of a combination of an 
NSAID (sulindac) and an inhibitor of EGF (EKI-569) on intestinal tumor prevention in 
mice, and found that the effect of this combination was much stronger than that of either 
one alone (80). Another recent study has shown directly that use of a selective COX-2 
inhibitor plus a neutralizing antibody to the HER-2/neu receptor is much more effective 
than use of either agent alone at inhibiting the growth of colorectal carcinomas (Mann et al., 
Gastroenterology 120, 1713, 2001). Therefore, a combination of selective COX-2 inhibi- 
tors and other biologic therapies may further improve the treatment outcome of combined 
therapy in patients who are suffering from cancer. 
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